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requirements  involves  processing  of  multiple  resins  encapsulating  different  inserts 
with  possible  interconnect  ions  for  power  supply,  creating  the  next  generation  of 
composite  structures.  The  program  tasks  address  the  intelligent  processing  aspect  with 
the  goal  of  addressing  multifunctional  design,  followed  by  assessment  projects  to 
explore  multifunctional  attributes  of  composites. 

The  framework  of  intelligent  processing  has  been  advanced  through  the  development  and 
use  of  Resin  Transfer  Molding  { RTM)  and  Vacuum  Assisted  Resin  Transfer  Molding  (VARTM) 
to  address  processing,  sensing,  and  control  methodologies.  The  program  tasks  have 
included  (i)  Process  physics  and  simulation  in  which  we  focused  on  the  physics  of 
fabric  compression  and  simulation  challenges  for  multifunctional  parts,  role  of  surface 
tension  and  wetting  when  embedding  devices  in  the  structure  and  new  process 
developments  containing  loaded  resins  and  use  of  membranes  as  vents  (ii)  Design  and 
optimization  focused  on  approaches  to  create  a  blueprint  of  the  distribution  media 
network  to  successfully  infuse  resin  despite  the  presence  of  inserts  and  devices  in  the 
composite,  build  new  actuation  mechanisms  to  redirect  the  resin  and  also  characterize 
the  variability  of  the  process  so  it  could  be  accounted  for  i  n  design  and  control  of 
the  process  (iii)  Sensing,  control  and  inspection  continued  the  development  of  the  TDR 
sensor  and  vibrational  techniques  for  applications  in  structures  containing  embedded 
devices  and  (iv)  Validation  and  implementation  integrated  all  the  above  in  a  test  bed 
and  demonstrate  the  combined  usefulness  of  all  the  tools  to  move  towards  repeatability 
and  affordability.  Two  new  projects  to  specifically  address  issues  for  multifunctional 
composites  were  pursued.  The  first  one  explored  seamless  integration  of  conformal 
antenna  arrays  into  a  composite  structure  with  complex  curvatures.  Due  to  the  growing 
interest  in  blast-resistant  naval  structures,  the  second  new  initiative  investigated 
many  innovative  material  concepts  including  cellular  materials  of  different  kinds  in 
composite  structures  and  characterized  methods  for  energy  absorption. 

The  researchers  selected  a  test-bed  of  tall  structures  to  validate  the  processes  and 
all  the  methodologies  developed  in  the  program.  The  program  has  independently  tested 
the  sensors  developed,  process  models  and  simulations,  low-cost  resin  behavior, 
optimization  techniques  for  gate,  vent,  sensor,  and  distribution  media  locations, 
control  strategies,  injection  systems,  and  software  to  transfer  the  methodology  from 
the  virtual  simulation  environment  to  the  manufacturing  platform,  validated  inspection 
and  health  monitoring  systems,  and  explored  user-friendliness  and  technology  readiness 
by  transitioning  it  to  an  industrial  environment.  These  technologies  have  been  and 
will  continue  to  be  transitioned  to  Navy  labs,  shipyards,  and  the  industrial  base  as 
part  of  this  program. 
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Technical  Section 


Technical  Objectives 

r he  work  being  performed  by  the  University  of  Delaware  Center  tot  Composite  Materials  build? 

:  .  .  ,  phases  )•  the  Advanced  Materials  Intelligent  Processing  Center 

AMIPC .  Toi-  vV/ik  ontinues  the  establishment  jf  u  si  Century  manufacturing  practic'.  -  isin  i 
intelligent  processing  to  accelerate  the  insertion  u  <  >mposites  into  ship  applications  Quality 

repeatability,  tolerances,  and  affordability  can  be  improved  through  computer  simulations  and 
process  design  tools  as  well  as  automation  combining  advanced  sensors  and  process  control. 
The  overall  goal  is  to  develop  and  use  sensors,  science-based  simulations,  and  process  control 
to  advance  composite  manufacturing  with  Liquid  Composite  Molding  Processes.  Advanced 
sensors  have  been  developed  and  validated  in  a  manufacturing  environment.  Simulations 
incorporate  resin  impregnation  and  cure  physics  occurring  at  micro,  meso,  and  macro  levels 
during  manufacturing.  Passive  and  active  feedback  control  strategies  have  been  formulated  to 
improve  process  control.  Automation  of  the  process  to  reduce  labor  and  improve  yield  has  been 
attempted.  Technology  transfer  has  been  accelerated  by  creating  user-friendly  software  and 
hardware  interfaces  to  implement  the  methodology  on  the  manufacturing  platform. 

This  suite  of  software  and  hardware  tools  developed  in  the  previous  phases  has  been  used  and 
expanded  to  address  the  needs  of  the  Navy  for  revolutionary  multifunctional  composite 
materials  Multi-functionality  requirements  arise  from  various  needs,  such  as  fire  protection, 
blast  resistance,  and  embedded  antennas  as  well  as  signature  management  using  advanced 
photonics  and  left-handed  materials.  Meeting  these  requirements  involves  processing  of 
multiple  resins  encapsulating  different  inserts  with  possible  interconnections  for  power  supply, 
creating  the  next  generation  of  composite  structures.  The  program  tasks  address  the  intelligent 
processing  aspect  with  the  goal  of  addressing  multifunctional  design,  followed  by  assessment 
projects  to  explore  multifunctional  attributes  of  composites. 

The  framework  of  intelligent  processing  has  been  advanced  through  the  development  and  use 
of  Resin  Transfer  Molding  (RTM)  and  Vacuum  Assisted  Resin  Transfer  Molding  (VARTM)  to 
address  processing,  sensing,  and  control  methodologies.  The  program  tasks  have  included  (i) 
Process  physics  and  simulation  in  which  we  focused  on  the  physics  of  fabric  compression  and 
simulation  challenges  for  multifunctional  parts,  role  of  surface  tension  and  wetting  when 
embedding  devices  in  the  structure  and  new  process  developments  containing  loaded  resins 
and  use  of  membranes  as  vents  (ii)  Design  and  optimization  focused  on  approaches  to  create  a 
blueprint  of  the  distribution  media  network  to  successfully  infuse  resin  despite  the  presence  of 
inserts  and  devices  in  the  composite,  build  new  actuation  mechanisms  to  redirect  the  resin  and 
also  characterize  the  variability  of  the  process  so  it  could  be  accounted  for  in  design  and  control 
of  the  process  (lii)  Sensing,  control  and  inspection  continued  the  development  of  the  TDR 
sensor  and  vibrational  techniques  for  applications  in  structures  containing  embedded  devices 
and  (iv)  Validation  and  implementation  integrated  all  the  above  in  a  test  bed  and  demonstrate 
the  combined  usefulness  of  all  the  tools  to  move  towards  repeatability  and  affordability.  Two 
new  projects  to  specifically  address  issues  for  multifunctional  composites  were  pursued.  The 
first  one  explored  seamless  integration  of  conformal  antenna  arrays  into  a  composite  structure 
with  complex  curvatures.  Due  to  the  growing  interest  in  blast-resistant  naval  structures,  the 
second  new  initiative  investigated  many  innovative  material  concepts  including  cellular  materials 
of  different  kinds  in  composite  structures  and  characterized  methods  for  energy  absorption. 

The  researchers  selected  a  test-bed  of  tall  structures  to  validate  the  processes  and  all  the 
methodologies  developed  in  the  program.  The  program  has  independently  tested  the  sensors 
developed,  process  models  and  simulations,  low-cost  resin  behavior,  optimization  techniques 


Final  Report 


Page  2 


Advanced  Materials  Intelligent  Processing  Center  (AMIPC):  Manufacturing  for  Multi-Functionality 


for  gate  vent  se  .  md  distribution  media  locations,  control  strategies,  injection  systems  and 
software  to  transfer  the  methodology  from  the  virtual  simulation  environment  to  the 
manufacturing  platform  validated  inspection  and  health  monitoring  systems,  and  explored  user 
friendliness  and  technology  readiness  by  transitioning  it  to  an  industrial  environment  These 
1  "  hnologies  hav'  beet  mil  will  .•  mtinue  I  be  fiansitioned  t  Navy  labs  shipyards  at  i  'h  ■ 
lush  il  hose  as  part  it  this  program 
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Tasks  to  Advance  the  Framework  of  Intelligent  Processing 

The  research  in  tins  program  has  developed  and  integrated  the  font  pillars  shown  in  Figy  ■  i 
that  T  jun  the  framework  if  intelligent  processing  specifically  address  the  manufacturing  f 
i  -i  aei  atructii  iptatning  -m-  nserts  and  complexity  t  one  ■■  ns >u~  nr  jrat 
passive  and  active  functions 

Task  1:  Model  Enhancements  for  Vacuum  Infusion  (VI)  Processes 

Liquid  Composite  Molding  -  Description,  Modeling  and  Simulation 

In-depth  analysis  of  two  issues,  fundamental  to  further  development  of  the  field,  was  performed 
and  is  summarized  below. 

Essentially,  the  issue  of  expanding  the  process  model  to  fully  include  "general"  LCM  process  - 
such  as  VI,  RTM  Light  or  Compression  RTM  -  was  undertaken.  Currently,  the  process  modeling 
is  still  based  on  analysis  performed  for  the  conventional  Resin  Transfer  Molding.  However,  in 
other  variations  of  Liquid  Composite  Molding  such  as  VI  process,  new  issues  arise  and  the 
influence  of  some  phenomena  is  much  more  significant  for  general  VI  process  than  for 
conventional  RTM  Consequently,  these  phenomena  must  be  included  into  the  model.  The 
modeling  issues  are: 

•  The  resin  flow  is  fully  three-dimensional.  The  material  is  highly  non-homogemous  as 
distribution  media  and  runners  must  be  modeled.  This  issue  has  been  already  resolved 
and  presents  no  current  problem. 

•  Preform  and  distribution  media  deformation  during  the  flow  process.  This  modifies  the 
governing  equations.  The  change  is  very  significant  particularly  as  there  is  a  coupling 
between  resin  pressure  and  the  porous  media  deformation  and  this  area  has  been 
avoided  in  previous  research.  We  have  studied  and  modeled  the  preform  deformation 
effect  previously,  but  the  existing  “solution”  is  not  suitable  for  practical  deployment.  To 
truly  resolve  this  issue,  one  must  incorporate  major  changes  to  the  existing  model. 

•  With  the  process  pressure  limited,  fiber  tow  saturation  becomes  a  significant  issue  We 
already  have  working  numerical  models  for  fiber  tow  saturation,  but  material 
characterization,  and  verification  must  be  addressed.  Also,  better  integration  into 
process  model  is  sought. 

•  The  effects  of  gravity  field  on  the  resin  flow  may  be  significant.  This  issue  has  been 
addressed  with  some  degree  of  success  and  we  have  a  numerical  implementation  for 
the  model  with  gravity  included,  but  it  is  not  well  integrated  into  modeling  capability 

The  work  undertaken  in  this  period  attempted  to  address  the  issues  listed  above.  The  significant 
steps  undertaken  during  this  period  were: 

•  New  governing  equations  for  the  flow  process  were  developed.  New  model  is  necessary 
to  handle  the  preform  deformation  issue.  It  also  allows  us  to  integrate  the  existing 
modeling  capability  for  fiber  tow  saturation  and  gravity.  The  new  set  of  governing 
equations  include,  apart  from  resin  pressure  and  fill  factor,  also  the  preform  deformation 
and  fiber  tow  saturation  as  primary  unknowns.  This  inclusion  requires  incorporation  of 
several  constitutive  models  governing  preform  deformation  and  fiber  tow  saturation. 

•  The  numerical  implementation  of  the  above  scheme  is  in  progress. 
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•  Experiments  were  carried  out  to  characterize  fiber  tow  saturation  and  to  compare  it  with 
the  existing  numerical  model  The  resulting  comparison  proved  successful  The  ultimate 
goal  is  to  develop  experiment  to  provide  material  data  necessary  for  modeling  of  the 
fiber  tow  saturation 

•  Analytic  model  I  fihei-tow  saturation  was  sue-  ossfully  treated  ann  ompared  will 
numerical  results  and  experimental  data 

»  i  »•  .  1 1 p  i  -it-vl  1 1 1 1 ■  ■  the  Sc  i  j i  h 1 1  i  ..ar.Kag>  UM  '  m>i  I  ;  >).'••. 1  'v  !"  d' I 

Simulation  Software  Development  and  Deployment 

•  LIMS  simulation  package  was  maintained  during  the  period.  No  significant  additions 
were  made,  but  number  of  issues  was  fixed. 

•  The  experimental  LIMS  version  including  gravity  was  successfully  tested  by  comparison 
to  both  experiments  and  analytic  solution. 

•  LimsUI  graphical  user  interface  was  maintained  and  significantly  enhanced  to  simplify 
the  user  interaction.  Also,  the  options  how  the  simulation  is  actually  executed  were 
enhanced  The  program  now  offers  simpler  interface  and  multiple  scenarios  for 
simulation  end.  Several  smaller  enhancements  and  bug-fixes  were  also  made.  Currently, 
the  use  of  material  database  and  simplified  property  handling  is  being  tested. 

•  The  software  tools  for  mesh  creation  and  manipulation  were  enhanced.  Among  others,  it 
is  now  possible  to  create  the  cross-section  models  for  thick  panels  with  ply  drop-offs  and 
elements  aligned  with  preform  layers. 

•  Modeling  support  was  provided  for  other  groups  working  on  this  project  as  well  as  for 
some  industrial  partners. 
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Task  2:  Microflow  and  Microvoids  around  Embedded  Objects 

Experimental  Approach  to  Validate  Analytical  Model 

Ai  inalylu. al  model  w  i.-.  pioposed  (..  describe  the  .apillaiy  infusion  .t  liquid  i resin i  a<  ms  -:n 
in.iy  of  |  i  ill  i  mi'  i'.  cylinders  i aligns  f  fibeisi  Based  in  -t  sen1--,  at  simplifying  -tssi  irnption-, 
tl"  ni'.d. -i  .-oi '  b<-  applied  t' .  the  vase  of  transverse  „apillary  unpiegnation  of  fibei  tows  the 
opposing  effect  of  gas  (air)  displacement  and  entrapment  being  taken  into  consideration. 

The  role  played  by  air  displacement  in  the  capillary  impregnation  was  modeled  by  introducing  a 
new  parameter  6,  describing  the  rate  at  which  the  air  dissolves  or  escapes  out  of  the  tow.  To 
determine  the  rate  at  which  the  resin  saturates  the  tow,  one  must  have  not  only  the  correct 
estimation  for  the  tow  permeability,  but  also  be  able  to  accurately  approximate  parameter  a. 

Figure  1  shows  how  the  impregnation  dynamics  and  therefore  the  tow  fill  time  depend  on  the 
value  of  parameter  6.  Case  6=0  (no  air,  or  easy  air  escape  outward  of  the  tow)  is  the  most 
favorable  case  for  the  impregnation,  which  takes  place  in  the  shortest  time.  If  6=1,  the  air  is 
compressed  inside  of  the  tow  without  any  part  of  the  preexisting  air  emerging.  Any  other  value 
of  6  between  zero  and  one  gives  a  finite  impregnation  time,  always  larger  than  when  6=0. 


Normalized  lime,  r  [non  dim] 

Figure  1.  Flowfront  advancement  versus  time,  for  several  values  of  parameter 
6.  Both  axes  are  dimensionless. 


An  experimental  approach  was  aimed  at  checking  the  validity  of  the  analytical  model  and 
obtaining  insight  into  what  are  the  parameters  which  affect  the  air  displacement  through  the  tow 
and  consequently  the  overall  tow  impregnation  and  its  fill  time 

The  experimental  setup  consists  of  samples  devised  as  enlarged  replicas  of  real  fiber  tows, 
inside  which  hand-made  sensors  were  placed  at  certain  radial  locations.  A  data  acquisition 
system  was  used  to  provide  a  continuous  reading  of  the  sensors  status,  so  that  the  arrival  times 
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of  the  impregnating  resin  at  the  sensor  locations  were  detected  (Figure  2).  The  tests  were 
conducted  by  immersing  the  sample  in  a  liquid  with  no  imposed  pressure  difference  to  assist 
the  (low  Hence  the  flow  was  exclusively  driven  by  the  capillary  pressure. 

Fh  experimental  study  presented  in  this  papei  s  sti 

ipillar y  impregnation  tests  unduc.ted  jn  hollow  samples  simulate*!  flu  ideas  ir  whi.  n  th 
m  oulii  escape  without  exerting  any  back  piessui-r  This  also  verified  th«.*  equation*.  use  ’ 

to  approximate  the  mean  capillary  pressure  and  th  tnsverse 


Voltage* 

s5 1 _ L— 


S4  1 

. . n  . 

M _ 

t _ 

y  

*1  Ll - -  1  -  : - r 

Figure  2.  a)  Sensors  location  in  radial  direction,  shown  in  a  cross-sectional  view 
through  the  mid-plane  of  a  full  sample.  The  grey  area  corresponds  to  the  already 
wetted  porous  medium,  whereas  white  indicates  the  inside  region  which  is  still  dry.  b) 
Sketch  of  the  signals  read  from  the  sensor  circuits  by  the  data  acquisition  system, 
which  records  the  arrival  times  t,  -  ts  at  sensors  S,  -  Ss 


Tests  conducted  on  full  samples  helped  better  understand  the  role  of  air  entrapped  and  its 
dissolution,  on  the  overall  impregnation  dynamics.  A  single  parameter,  5  was  shown  to  account 
for  the  influence  of  the  entrapped  air.  This  parameter  also  shed  light  on  the  influence  of  external 
liquid  pressure  and  fiber  volume  fraction  on  the  ease  with  which  the  air  could  escape. 

Among  the  results,  it  was  shown  that  there  is  a  direct  dependence  of  parameter  <■>  on  fiber 
volume  fraction  V,  (see  Figure  3).  It  is  remarkable  that  increasing  fiber  volume  fraction  V ,  is 
associated  with  higher  values  of  parameter  <•),  which  indicate  a  more  inhibiting  role  of  the  air 
escape/dissolution  in  the  capillary  impregnation  process.  The  results  presented  in  Figure  3  are 
for  a  range  of  fiber  volume  fractions  from  45  to  70%,  for  which  a  quadratic  trend  was  identified, 
approximated  well  with  a  R-squared  value  of  0.98,  as: 


5  «  0.9945  V/  +  2.0524  Vf 


(D 
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Fiber  volume  traction  [non-dimensional] 


Figure  3  Variation  of  parameter  6,  versus  fiber  volume  fraction  Vt.  The  trend  indicate  that 
denser  packing  (higher  V ,)  causes  higher  values  of  parameter  5 ,  which  is  equivalent  to  a  more 
significant  role  played  by  the  inside  air,  in  opposing  the  capillary  flow. 

Our  experimental  study  serves  as  an  illustration  that  the  analytical  model  can  be  used  to  model 
the  capillary  impregnation.  Thus,  one  could  use  the  analytical  model  proposed  to  simulate  the 
capillary  impregnation  process,  for  any  arbitrary  new  case,  once  the  constitutive  equation  for 
parameter  d  is  determined. 

Magnetic  Resonance  Imaging 

Magnetic  Resonance  Imaging  (MRI)  was  also  used,  as  a  more  powerful  experimental  technique 
to  better  understand  the  mechanisms  of  capillary  impregnation  of  fiber  tows.  The  information 
provided  by  this  technique  allows  for  2D  monitoring  of  the  capillary  flow,  with  a  much  better  time 
resolution,  which  allows  finding  an  unambiguous  curve  fit  to  a  time  dependent  series  of  data 
points.  In  addition  to  that,  the  MRI  technique  is  non-invasive,  not  disrupting  the  flow  behavior  by 
the  presence  of  sensors.  Typical  results  of  a  capillary  impregnation  test  are  shown  in  Figure  4. 


Figure  4  Typical  experimental  curve  of  flow  front  dependence  of  flow  front  radius 
vs.  time.  Each  point  corresponds  to  an  image  acquired  by  the  spectrometer. 
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Figure  5  Irregular  flow  front  contour  following  transverse 

capillary  impregnation  in  a  cylindrical  fiber  tow.  The  irregular 
inner  dark  area  shows  the  dry  fiber,  while  the  light  grey  region 
around  it  is  the  wet  fiber. 


Another  reason  for  our  pursuing  this  alternative  experimental  approach  is  that  MRI  can  reveal 
the  irregularities  of  the  flow  front,  which  not  always  keeps  the  original  shape  of  the  cross  section 
of  the  tow  (see  Figure  5).  A  model  for  quantifying  the  irregularity  of  the  flow  front  was  also 
proposed. 

MRI  permits  investigating  how  various  parameters  (liquid  viscosity  and  surface  tension,  fiber 
material,  fiber  diameter  and  sample  size)  influence  the  irregularity  of  the  flow  front,  as  well  the 
discrepancy  between  the  real  capillary  flow  behavior  and  the  theoretical  one,  which  would  be 
displayed  if  air  were  absent  from  the  sample. 

The  work  on  a  series  of  15  MRI  tests  is  presently  in  progress;  the  final  results  being  then 
compiled  into  a  paper  to  be  submitted  for  publication. 


Final  Report 


Page  9 


Advanced  Materials  Intelligent  Processing  Center  (AMIPC):  Manufacturing  for  Multi-Functionality 


Task  3:  Processing  of  Functionally  Gradient  Materials  and  Multiple 
Resins 

Functionally  Graded  Composites  exhibit  properties  or  functions  within  the  material  that  vaiy 
gradually  cm  in  a  step-wise  manner  without  a  recognizable  bout 
Functionally  Graded  Pol 

i  lyors  jf  .jlass  K-.-vlai  01  :arbon  i-ibnu  are  stacked  n  a  dused  mold  and  resir  with  suspended 
micron-size  particles  is  injected  into  the  mold  The  fabiios  are  usually  yarns  a  bundles  of 

thousand  or  more  micron-size  fibers  woven,  stitched  or  Knitted  together  This  architecture  gives 
rise  to  a  bimodal  distribution  of  pore  sizes;  the  larger  pores  in  between  the  bundles  and  smaller 
ones  within  the  bundles.  This  dual-scale  nature  of  the  fabrics  create  a  network  of  pore  sizes 
through  which  the  resin  will  flow  to  cover  the  fibers  but  the  infiltration  and  the  final  concentration 
distribution  of  the  particles  will  establish  the  gradient  of  the  properties  in  the  composite.  In  this 
task  we  developed  a  model  to  predict  the  concentration  distribution  of  particles  within  this  dual 
scale  fibrous  porous  media  infused  under  a  constant  pressure  drop.  The  approach  uses  Darcy's 
law  and  accounts  for  lowering  in  the  permeability  value  due  to  the  particle  entrapment  in  the 
available  pores.  Experiments  are  conducted  and  the  concentration  of  the  particles  in  the  fabric 
is  measured  The  results  compare  well  with  the  predictions 


fibers 


Macro 

Pores 


Micro 

Pores 


Figure  6  a)  left:  A  preform  with  single  porosity  (random  mat),  b)  right:  A  preform 
with  dual  porosity  (woven  preform). 


In  classical  filtration  modeling  includes  a  microscale  (of  the  order  of  the  collector  size),  and  a 
macroscale,  comparable  to  the  filter  external  size.  Because  of  the  dual-scale  porosity  present  in 
the  woven  fabrics  as  shown  in  Figure  6  above,  there  is  an  additional  mesoscale  which  is 
characterized  by  the  average  size  of  macropores  and  tows  as  shown  schematically  in  Figure  7. 


Figure  7  a)  left:  scales  involved  in  classical  filtration  b)  right:  introduction  of  a  intermediary 
scale  for  preforms  with  dual  porosity  (woven  preform). 
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This  multiscale  filtration  phenomenon  will  be  i  function  of  material  and  process  parameters  and 
m  slysi  to  flow  analogy  was  used  to  model  this  a  shown  schematically  in  Figure 

8. 


Figure  8  a)  left:  schematics  of  the  considered  unit  cell  in  dual  scale  porosity  preform,  b) 
right:  resistance  to  flow  analogy. 


Results 

The  results  show  an  increase  of  particles  deposition  with  time  which  becomes  less  and  less 
significant  with  time.  Indeed,  because  of  the  increase  of  the  cake  resistance  and  as  the 
suspension  is  subjected  to  a  constant  pressure  drop  across  the  fabric,  the  flow  through  the  tow 
region  will  decrease  with  time  which  will  result  in  less  particles  being  trapped  in  it  (Figure  9a). 
The  resistance  of  the  preform  can  be  determined  as  well  from  the  resistance  analogy  of  a  unit 
cell  (Figure  8).  We  observe  an  increase  of  the  resistance  due  to  the  particles’  deposition  (Figure 
9).  However,  this  increase  is  negligible  as  the  resistance  of  the  macropores  is  much  smaller  and 
it  is  constant  with  respect  to  time. 


Figure  9  a)  left:  total  mass  of  particles  deposited  as  a  function  of  time  for  various  particles 
concentration  in  the  slurry  ( mass  fractions:  1%,  2%,  4%.  6%,  8%,  and  10%).  b)  right:  total 
resistance  of  the  perform  and  particles  as  a  function  of  time  for  the  same  particles 
concentration. 
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Validation  of  the  Model 


Material  Parameter  Determination 

An  experimental  validation  .>f  the  model  proposed  was  ried  lut  ind  is  presented  here  The 

i>'  't' *mi  i iseci  was  h  S  1  Glass  1 5x i Z  'A'uv-.'i  pfit'i"  f. n  th  experiments  It .  lifter ent 
tat acteristir  -•  needed  :  01  I  iling  were  measured  Because  >t  detormation  due  it  sh 

.specially  during  cutting  operations  poiv  si/o  distribution  may  become  very  random  T  avoid 
that,  fibers  were  cut  using  a  laser,  which  doesn't  affect  the  pores  size  and  the  shape  ot  preforms 
The  pore  size  distribution  is  measured  by  microscopy  and  image  analysis,  through  the  diffusion 
of  light  through  the  preform.  Then  the  light  spots  were  measured  to  determine  the  different 
dimensions  needed  as  shown  in  Figure  10. 


Figure  10  Determination  of  the  pore  area  distribution  using  image  analysis.  The  macropores 
allow  the  light  to  pass  and  the  illuminated  area  is  calculated. 

Using  the  same  approach,  the  area  of  the  tow  region  for  average  unit  cell  is  measured  through 
microscopy  and  image  analysis. 

Suspension  Preparation 

An  experimental  setup  was  designed  to  obtain  repeatable  results  and  to  avoid  the  effects  of 
disturbances  that  naturally  occur  during  filtration  experiments.  During  the  particles  transport, 
particles  do  have  a  tendency  to  form  aggregates.  This  will  make  the  particle  concentration  non- 
uniform  and  violate  the  assumption  in  our  model.  To  promote  uniformity,  we  used  an  online 
static  mixer  to  shear  and  break  any  aggregates  in  the  incoming  suspension.  The  mixing  also 
ensured  that  the  concentration  was  uniform  before  infusion. 

To  continuously  evaluate  and  maintain  the  incoming  concentration  of  the  particles  in  the 
suspension,  an  inline  measurement  and  PID  controlled  mixing  station  was  used  to  ensure 
constant  mixing  ratio  between  particles  and  fluid  through  the  use  of  a  computer  controlled 
peristaltic  pump,  as  shown  in  Figure  1 1 .  The  static  mixer  in-line  ensured  that  the  concentration 
was  uniform  before  it  infiltrated  the  fiber  preform. 
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Pressure  gage 


Static  mixer 


Figure  1 1  Experimental  setup  used  for  the  filtration  experiments. 


Experimental  Results 

The  slurry  concentrations  were  determined  using  the  mix  inline  station  and  input  in  the  algorithm 
For  different  concentration  profiles,  we  obtained  results  which  correlated  quite  well  with  the 
model’s  results  for  mass  of  particles  deposited,  as  well  as  resistance  of  the  preform  to  the  flow 
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Figure  12  total  mass  of  particles  deposited  as  a  function  of  time  for  various  incoming 
concentration  profiles ,  modeling  (dashed)  and  experimental  (solid  lines)  results 
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Task  4A:  Process  Developments:  Evaluation  of  Membrane-Based 
Composite  Processing 

Background 

Thi  i  kIiImii  j!  ■,  icinopoc  1-  i'  the  VARTM  i|  impi  \ i  ti ,  |u.niity  »t  1*  (in  1 

pur  Thickness  gradient  and  existence  >t  dry  spots  are  eliminated.  Preliminary  experiments 

have  shown  that  the  behavior  ot  the  membrane  and  its  successful  role  vary  with  the  resin  used. 
Therefore,  a  fundamental  understanding  of  the  membrane  is  required.  More  specifically,  we  are 
interested  in  investigating  and  modeling  the  transport  of  resin  through  the  membrane.  Such  a 
model  will  help  us  tailor  a  membrane  for  a  specific  application 

Review  of  the  Work 

This  research  follows  the  organization  presented  on  the  flow  chart  below: 


Big 


Legend 

Work  presented  in  the  previous  report  Corn  vu irk 

Figure  13  Flowchart  of  membrane-based  VARTM  work. 

A  previous  report  had  detailed  the  exploratory  experiments,  which  highlighted  the  issue  of 
compatibility  membrane/resin  The  optical  characterization  of  the  membrane  was  also 
presented.  This  report  is  dedicated  to  the  introductory  model  of  resin  transport  through  the 
membrane.  Complementary  characterization  of  the  nanoporous  medium  is  provided  as  well. 

Wetting  Characteristics  of  the  System  Membrane/Resin 

To  evaluate  the  wetting  characteristics  of  the  system  membrane/resin,  the  contact  angle 
between  the  two  was  measured.  The  setup  (Figure  14)  has  the  capability  to  provide  not  only 


Final  Report 


Page  14 


Advanced  Materials  Intelligent  Processing  Center  (AMIPC):  Manufacturing  for  Multi-Functionality 


ttit>  static  angle  obtained  when  the  las  stabilized  onto  the  substrate,  but  also  the  dynamic 
contact  angle  which  is  a  measure  of  the  contact  angle  as  a  function  of  time.  In  tact  a  high¬ 
speed  camera  is  used  to  capture  the  drop  and  later  the  evolution  of  the  resin  drop  as  enters  in 
contact  with  the  membrane  In  the  present  case  since  the  resin  possesses  an  intrinsic  dynamr 
behavior  it  -ures  with  time  and  therefore  its  viscosity  wetting  properties  evolve  with  time)  it 
-i  with  dynamo  -  ntacl  angii  However  i  •  i  first  approximation  the 
it -ilr  mta  i  angle  has  bo  >n  Measured 


Drop 


Acquisition 

System 


ffigh- 


speed  camera 


Figure  1 4  Contact  angle  setup. 


Four  fluids  were  tested. 

1 .  The  two  resins  which  were  used  previously  to  make  the  VARTM  parts  for  the  so-called 
“exploratory  experiments:  Epoxy  SC15  part  A  (resin  part)  and  Vinyl-ester  411-350  + 
Styrene  (ratio  1 :6) 

2.  Vinyl-ester  41 1-350  alone 

3.  Styrene  alone 

These  results  (Figure  15)  showed  that  the  presence  of  styrene  in  the  vinyl-ester  dramatically 
lowers  its  contact  angle.  This  can  explain  why  the  vinyl-ester+styrene  system  wetted  the 
membrane  and  not  the  epoxy  SCI 5  in  the  exploratory  experiments. 


VE41 1-350  + 

SCI 5  Part  A  VE  41 1-350  Styrene  1:6  Styrene 


Incompatibility  increases 

Figure  15  Results  from  the  contact  angle  measurements. 
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Model 

Ultimately  this  p  it  designing  membranes  appropriate  for  all  type  -sin  systems. 

In  »rde»  to  achieve  this  goal  tt  is  necessary  to  make  sure  that  the  membrane  will  remain 
impermeable  to  Hie  resin  before  it  gels.  In  fact  once  thn  resin  hardens  there  is  no  chance  for 
i  smbrane  < ey  t<  >  know  In  >w  l<  >rtg  it  writ 

tak .  i-''1  any  >  ;sin  system  ■ .  \  •  through  the  mernbiane.  Tin-  model  ums  it  piodicting  this  lime 
The  basis  toi  this  model  >  an  introductory  model  based  on  flow  through  porous  media  and 
capillary  effects  Moreover  membrane  and  resin  properties  have  been  considered  at  then 
simplest,  since  there  are  no  dynamic  effects  taken  into  account  yet.  Also,  the  geometry  of  the 
pores  is  simplified,  as  shown  on  Figure  16. 


_  Mow  front  position 


Figure  16  Schematic  of  a  pore  in  the  membrane. 

There  are  three  types  of  forces,  which  intervene  in  the  wetting  process.  There  is  the  vacuum 
applied  on  the  membrane  during  the  VARTM  process  and  the  maximum  value  it  can  reach  is 
105  Pa.  Next  is  the  capillary  effect,  which  can  either  lead  to  a  spontaneous  motion  of  the  fluid 
or  prevent  the  liquid  from  wetting  the  surface  without  any  external  help.  The  last  force  to  be 
taken  into  account  is  the  gravity. 

The  model  obtained  is  the  following: 


h2 


5  r[S*: 

where  h  is  the  thickness  of  the  membrane  (m) 
e  is  the  porosity  of  the  membrane  (%) 

H  is  the  viscosity  of  the  liquid/resin  (Pa.s) 

S*  is  the  specific  surface  area;  in  the  case  of  a  cylindrical  capillary:  m-1 
^P  is  the  pressure  corresponding  to  the  driving  force  (Pa) 
y  is  the  liquid/resin  surface  tension  (N/m) 

0  is  the  contact  angle  between  the  membrane  and  the  resin  of  interest 
r  is  the  pore  radius  (m) 

Pg  is  the  gravity  pressure,  which  can  be  neglected 


ap+2y“s9-p. 
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ii  was  found  that  the  styrene  atom .  .  net  the  membrane  and  that  the  vinyl 

ester  resin  system  is  also  able  to  wet  but  only  with  the  help  of  the  vacuum  applied  during  the 
VARTM  infusion.  These  results  are  in  good  agreement  with  the  experiments.  However,  the 
epoxy  resin  system  cannot  theoretically  wet  the  membrane,  even  with  the  vacuum  provided 
during  a  VARTM  infusion.  Since  it  does  not  correspond  exactly  to  what  was  observed  during 
the  experiments,  it  is  more  likely  that  additional  phenomena  to  the  capillary  effects  play  a  non- 
negligible  role.  A  possibility  is  that  the  contact  of  the  epoxy  with  the  membrane  changes  its 
wetting  characteristics.  In  the  future,  the  model  will  need  to  be  improved  to  take  into  account 
the  evolution  of  the  wetting  properties  (surface  tension,  contact  angle)  with  time  and  to  give  a 
more  adequate  description  of  the  phenomena,  which  occur  at  very  small  times  Additional 
characterization  of  the  membrane  is  also  required  to  better  describe  the  microstructure. 
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Task  4B :  Process  Developments:  Resin  Bleeding  During  VARTM 
Infusion 

Tht  resin  bleeding  process  which  oc>  ms  aft>->  the  omplete  resin  infusion  has  significant 
niflii'  ii  .  .'I  tt i •  final  tiiTinnsi' H iu!  tolei ai ;•:•••  ai  i  t it ■  -i  . olnm-r  fiaction  of  th<  .*n ip<  -t ,  out- 
:  ligates  '  .  ism  i  \  finit  olumi  met  ••  " 

pressure  and  preform  thickness  distribution  after  full  infusion  are  required  as  input  data  for  the 
resin  bleeding  analysis.  The  contribution  ot  material  properties  ot  the  fibrous  preform  to  the  resin 
bleeding  behavior  is  examined  by  adopting  a  characteristic  time.  The  important  material 
properties  include  the  spring-back  behavior  of  the  preform  allowing  thickness  differences  in  the 
part  due  to  the  pressure  gradient  during  infusion.  It  is  found  that  the  preform  with  stiffer 
compaction  property  requires  more  time  to  reach  a  complete  resin  bleeding  state,  i.e.,  uniform 
thickness  field  throughout  the  preform. 

Figure  17  presents  schematically  the  pressure  distribution  after  complete  saturation  of  the 
preform.  In  contrast  to  typical  RTM,  the  flexible  vacuum  bag  allows  thickness  variation  along 
the  preform.  The  resin  bleeding  process  is  started  when  the  resin  injection  line  is  closed. 
Because  the  vacuum  pressure  is  still  applied  at  the  vent,  the  resin  fluid  is  drawn  out  of  the 
preform  and  the  preform  thickness  and  pressure  gradient  are  reduced  with  time.  Eventually,  if 
the  resin  does  not  reach  gelation  state  and  enough  time  is  elapsed,  uniform  preform  thickness 
can  be  obtained. 


Atmospheric  pressure 


Inlet 


Vent 


"Resin  pressure 


Mold 


Figure  1 7 
infusion. 


Schematic  description  of  the  pressure  and  thickness  distribution  after  full 


For  the  resin  bleeding  analysis,  it  is  assumed  that  the  system  is  compressible  in  the  thickness, 
and  incompressible  in  the  in-plane  directions.  A  one-dimensional  non-rigid  control  volume  as 
shown  in  Figure  18  is  employed  in  the  calculation.  At  both  sides  of  the  control  volume,  the  flow 
rates  are  calculated  and  the  overall  volume  decrease  is  computed  with  respect  to  time. 

Figure  19  shows  the  change  in  resin  pressure  (Figure  19a)  and  preform  thickness  (Figure  19b) 
for  the  preform  U812  (Vetrotex  U812)  during  the  resin  bleeding  process  with  a  characteristic 

time  r,  =  —  -  ot  435s.  I\  denotes  the  inlet  pressure  and  h.,  the  preform  thickness  at  the  vent 
kAP 

After  infusion  and  prior  to  closing  of  the  injection  line,  the  pressure  at  the  injection  port  is  1  atm 
and  reduces  to  0  atm  at  the  vent.  The  pressure  gradient  results  in  resin  flow  and  a  reduction  in 
thickness  and  pressure  at  each  preform  location  over  time. 

The  simulation  tool  can  be  used  to  quantify  the  effect  of  VIP  variations  such  as  vacuum 
debulking  or  the  changes  in  pressure  in  the  vacuum  or  injection  bucket  on  dimensional 
tolerances.  In  addition,  sufficient  gelation  time  to  allow  for  enough  resin  bleeding  reducing 
significantly  the  thickness  gradient  during  VIP  processing  can  be  computed.  The  approach 
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Figure  18  i-th  non-rigid  control  volume  employed  for  resin  bleeding  analysis. 


allows  insight  in  the  important  materials  properties  governing  dimensional  tolerances  and  can 
lead  to  improved  part  performance. 
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Figure  19  Change  in  (a)  resin  pressure  and  (b)  thickness  fields  for  preform  U812  with  respect 
to  dimensionless  time. 
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Task  5:  Optimization  of  Distribution  Media  Lay-Up 

In  xdei  fo  optimize  the  lay-up  of  distribution  media  first  one  must  he  able  to  characterize 
listribution  media  and  fabric  permeability  values  during  the  Vacuum  Assisted  Resin  Transfer 
Molding  (VARTM)  ptocess  In  VARTM  the  ivailabi  i  ressure  for  lesitt  injection  is  limited  t<  ' 
itmosphere  Therefore  layers  if  high-permeabilitv  fabrics  listribution  Media  1DM1 

n-.-  included  m  the  lay-up  tu  enhance  the  resin  flow  Dunng  injection  resin  flows  initially  m-plan* 
oatuiating  tfie  DM,  and  subsequently  through  the  thickness  impregnating  the  bulk  preform 
Therefore,  the  DM  permeability  governs  the  planar  resin  flow  pattern  and  lead  length,  which  is 
defined  as  the  difference  between  the  flow  position  in  the  DM  and  in  the  bottom  layer  of  preform 
adjacent  to  the  tool  surface.  The  lead  length  plays  a  critical  role  in  successful  infusion  and  is  the 
key  to  optimization  of  the  distribution  media  network  Thus,  in  this  task,  we  investigated  the  DM 
permeability  as  a  function  of  the  preform  layout.  A  new  permeability  estimation  method,  called 
Permeability  Estimation  Algorithm  (PEA)  that  uses  a  numerical  process  model  instead  of 
analytical  relationships,  was  developed.  The  flow  chart  that  explains  the  methodology  is 
presented  in  Figure  20.  Subsequently,  it  was  used  to  find  preform  permeability  in  the  thickness 
direction  and  the  in-plane  distribution  media  permeability  from  one  experiment  using  the  flow 
front  data  from  a  uniform  flow  experiment.  The  accuracy  of  PEA  was  validated  in  the  virtual 
environment.  PEA  was  also  used  for  permeability  measurements  in  ID  flow  experiments  and  its 
results  were  verified.  Table  1  shows  results  measured  in  three  experiments  using  PEA  and  ID 
flow  experiments  for  verification. 


PEA,  unlike  existing  experimental  permeability  measurement  methods,  allows  one  to  calculate 
permeability  of  different  materials  in  the  same  lay-up.  As  PEA  uses  a  numerical  simulation  and 
an  iterative  solver,  it  can  be  adjusted  to  accommodate  various  configurations  and  the  flow  does 
not  have  to  be  ID.  For  example,  it  can  be  used  to  measure  the  permeability  of  a  preform 
despite  the  presence  of  racetracking;  or  it  can  be  used  to  find  the  principal  permeability  values 
of  a  preform  using  flow  data  from  a  radial  injection.  The  results  presented  show  that  PEA 
converges  on  accurate  permeability  estimates  asymptotically,  hence  it  is  stable. 
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Table  t  Comparison  of  permeability  estimates  in  ID  flow  by  ID  flow  Analysis  and  PEA. 
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In  this  task,  PEA  has  been  successfully  applied  to  permeability  measurements  in  VARTM, 
revealing  the  fact  that  DM  permeability  depends  on  the  VARTM  lay-up;  hence  it  should  be 
measured  in  situ.  Many  VARTM  systems  of  interest  are  increasingly  using  a  combination  of 
materials  (e.g.,  graphite  and  glass)  which  makes  permeability  assessment  difficult  from  a  purely 
closed-form  analytical  approach.  The  PEA  provides  a  means  by  which  such  hybridized  systems 
can  be  accommodated  and  a  reasonable  estimate  of  the  permeability  field  obtained. 

Note  that  numerical  methods  inherently  include  some  level  of  error.  PEA  finds  the  permeability 
estimates  that  reproduce  the  actual  flow  data.  If  the  same  finite  element  model  is  used  for  both 
PEA  and  other  tasks  (optimal  design,  process  control  etc),  then  numerical  error  introduced  into 
the  solution  will  be  reduced.  Note  that  error  in  measurement  of  pressures  will  cause  an  error  in 
the  estimations  as  shown  in  Figure  21.  The  details  of  this  task  have  been  accepted  for 
publication  in  the  following  manuscript: 

AN  Gokce,  Mourad  Chohra,  Suresh  G.  Advani  and  Shawn  M.  Walsh,  "Permeability 
Estimation  Algorithm  to  Simultaneously  Characterize  Distribution  Media  and  Fabric 
Permeability  Values  in  Vacuum  Assisted  Resin  Transfer  Molding  Process," 
Composites  Science  and  Technology,  Vol  65/14,  pp  2129-2139. 
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Figure  21  Permeability  estimation  errors  as  a  function  of  input 
errors  in  injection  pressure. 
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Task  6:  Smart  Actuator  Development  for  VARTM 

A  Robot-Controlled  External  Vacuum  Chamber  for  Resin  Flow  Modification 
During  VARTM 

.ipl  ’ m>'i"  j>. i  .tn i •  j  mi  ti. ,'j  iii  ,ti atagn  i  i  .  itl-.  uiM.t'.  i  'vMlopni  !'  '■  VARTM 
hm.j  ■ provh I-:  ilv ’  ability  !  i  m-  ‘  •  •inrtxpectod  "  •"  jo  in  i •.  mu  : -©tvivio  during  nieotioi  i 
new  technique  for  resin  flow  manipulation  has  been  investigated  to  combat  void  formation  A 

unique,  reactive  technique  for  resin  flow  modification  involving  a  rigid  external  vacuum  chamber 

placed  over  the  vacuum  bag  has  been  developed  and  tested.  Using  the  chamber,  a  robotic 
system  has  been  prototyped  that  identifies  dry  regions  forming  during  injection,  deploys  the 
vacuum  chamber  over  the  mold,  and  actuates  the  chamber  in  order  to  modify  and  correct  the 
resin  flow  within  the  mold 

External  Vacuum  Chamber  Development 

The  purpose  behind  the  external  chamber  is  to  provide  some  sort  of  rigid  structure  to  shunt  the 
atmospheric  force  acting  on  part  of  the  perform  and  lift  the  vacuum  bag,  allowing  the  preform 
under  the  chamber  region  to  spring  back  to  a 
more  relaxed  state.  The  result  is  a  gap  between 
the  bag  and  mold  fibers  that  provides  low  resin 
flow  resistance.  Figure  22a  is  a  schematic  of  the 
rigid  vacuum  chamber  when  activated  over  the 
vacuum  bag  Preliminary  testing  with  both  round 
and  rectangular  chambers  revealed  the  rigid 
chamber  significantly  affects  the  resin  flow  in  the 
mold.  The  round  chamber  accepts  inflow  from 
multiple  directions,  which  allows  it  to  be  very 
versatile;  the  rectangle  chamber  has  a  long  action 
length,  so  its  effect  on  the  flow  is  more 
pronounced  than  that  of  the  round  chamber.  The 
rectangle  would  be  used  in  the  most  severe 
cases  to  rectify  major  flow  front  anomalies.  The 
chamber’s  effects  are  controllable  and  depend 
solely  on  the  application  time  of  the  chamber:  as 
the  chamber  is  applied  for  longer  time  periods, 
the  effect  on  the  flow  becomes  more  pronounced 

and  a  greater  volume  of  resin  is  stored  in  the  gapl  the  exferna,  chamber  on  resin  flow  (b). 
When  the  chamber  is  released,  the  stored  resin  is 

forced  into  the  preform  for  almost  instantaneous  impregnation.  The  excess  resin  also  flows 
forward,  enhancing  the  effect  of  the  chamber  even  after  its  release. 

Tests  were  performed  to  measure  the  effects  the  external  chamber  could  have  on  part  geometry 
or  quality.  Experiments  were  run  with  the  long  chamber  in  place  on  the  part,  and  once  the  part 
was  cured,  it  was  cut  laterally  to  obtain  a  cross-section  of  composite  at  the  chamber  location, 
which  allowed  part  thickness  measurements  to  be  made  at  critical  locations  across  the  width  of 
the  part.  The  average  thickness  variation  at  the  center  of  the  chamber  is  0.93%,  and  the 
thickness  variation  at  the  contact  point  of  the  chamber  is  -2.57%;  this  difference  was  not 
statistically  significant.  The  change  in  fiber  volume  fraction  was  also  statistically  insignificant  by 
using  the  method  of  Analysis  of  Variants,  with  a  95%  confidence  level. 
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Figure  22  Conceptual  view  (a)  of  an 
external  vacuum  chamber  and  effects  of 
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Robotic  System  Development  and  Testing 

To  assess  the  potential  for  the  external  diamber  to  be  used  a  resin  flow  control  land  correction) 
tool  a  robot  system  was  developed  to  identify  resin  flow  problems  and  deploy  the  external 
chamber  The  fout  mam  subsystems  of  the  robot  system  illustrated  in  Figure  23  are  the  robotic 
arm  to i  moving  th<  chambei  in  the  three  degrees  ?f  fieedom.  the  REx  chamber  vacuum 
technology  itself  foi  vrn  i  reduction  maclunt  vision  for  ■  ‘Sn  flow  detection  and  voki 
haracterization  software  to  determine  the  siz<  ai  d  l<  •  ition  />  the  void  and  to  determine  th< 
location  where  the  REx  chamber  will  be  placed.  The  semi-automated  system  is  built  around  the 
standard  VARTM  setup;  a  schematic  of  the  system  level  concept  for  the  semi-automated  flow 
control  system  is  found  below  in  Figure  24,  with  the  major  subsystems  labeled. 
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Figure  23  Conceptual  view  of  a  VARTM  injection  system  equipped  with  a  robot  that  can 
position  and  actuate  the  external  vacuum  chamber. 
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Figure  24  Main  system  components  required  for  a  flow  modification  system  that 
utilizes  an  external  vacuum  chamber. 
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The  core  of  the  entire  system  is  the  process  control  unit,  or  process  computer.  Camera  image  > 
are  sent  to  the  computet  foi  analysis.  The  computer  analyzes  the  images  and  based  on  the 
haracterization  algorithm  the  computer  sends  motion  control  commands  to  the  robot  arm 
iorriputer  also  sends  the  activation  and  deactivation  commands  REx  chamber  itself 
which  attached  to  the  robotic  arm  In  this  way  the  maior  subsystems  are  integrated  with  “act 
»thei  fr r  achieve  maximum  afficien  .  con  •  utei  uses  1  abVIEW  '•  to  nterla*  v  II 

ill  imponents  't  the  subsystems 

Figure  25  shows  the  prototype  system  equipped  with  a  round  chamber.  Preliminary  testing 
revealed  the  round  chamber  had  limited  effect  on  resin  flow  modification.  Subsequent  testing 
with  a  rectangular  chamber  (aspect  ratio  =  15)  confirmed  that  a  non-circular  geometry 
significantly  affected  resin  flow.  Due  to  the  long  action  length  of  the  rectangular  chamber,  part 
of  the  chamber  can  be  placed  on  the  low-flow-resistance  section  of  the  preform  and  the  resin 
can  flow  more  readily  into  the  chamber,  while  the  rest  of  the  chamber  can  be  located  on  the  void, 
where  its  action  is  most  significant.  Figure  25  shows  the  rectangular  chamber  being  applied  to 
the  part  to  reduce  the  void. 

Figure  25  shows  the  flow  fronts  for  the  control  experiment  and  the  robotically  modified  part  at 
the  same  time.  The  dark  patch  (circled)  in  the  modified  part  is  excess  resin  pooled  under  the 
vacuum  bag.  Note  that  the  flow  front  has  been  significantly  modified  by  the  implementation  of 
the  chamber.  Also,  note  that  the  average  flow  front  distance  for  the  robotically  modified  part  is 
more  advanced  than  that  of  the  control  experiment.  Upon  completion  of  the  infusion,  the  void  is 
entirely  eliminated  with  the  use  of  the  chamber.  The  excess  resin  under  the  vacuum  bag  acts 
as  another  resin  source  in  addition  to  the  injection  line,  which  benefits  the  low  permeability 


Figure  25  Prototype  robotic  system  with  a  round  REx  chamber,  and  a  closeup  of  the  rectangular 
vacuum  chamber  during  an  experiment. 
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region  because  resin  is  available  locally,  without  having  to  travel  through  a  high-resistance  zone 
from  the  injection  line.  By  the  time  the  injection  is  complete,  the  excess  resin  has  been 
absorbed  and  there  are  no  lasting  effects  on  part  surface  finish  In  addition  to  the  total 
elimination  of  the  void  theentir  time  is  •  'by  15S-20-’  w  tch  validates  anothei 

metric  that  indicates  the  nine  and  effectiveness  ot  this  method  reduced  inaction  tunc 
favorable 

Ki*\  findings 

The  REx  chamber  method  is  a  viable,  efficient,  and  cost-effective  way  to  reduce  voids  in  the 
VARTM  process.  The  REx  technology  itself  is  highly  capable  of  altering  the  flow  of  resin  during 
a  VARTM  injection.  The  proven  ability  of  the  semi-automated  robotic  version  of  the  chamber 
technology  to  reduce  (and  even  to  eliminate)  voids  and  reduce  injection  time  means  higher 
manufacturing  productivity  due  to  a  higher  success  rate  and  a  reduced  cycle  time,  as  compared 
to  unmodified  VARTM.  In  addition,  the  method  reduces  wasted  resin  caused  by  non-uniform 
flow  fronts  reaching  the  vacuum  line  at  the  different  times,  and  reduces  finished  part  waste 
caused  by  macro-void  formation.  In  essence,  the  method  pays  for  itself  many  times  over  by 
insuring  successful  injections.  The  method  is  also  very  simple;  it  relies  on  easily 
understandable  vacuum  principles  already  necessary  for  comprehension  of  how  VARTM  works, 
rather  than  on  complicated  rules  for  the  proper  ultrasound  frequency  needed  for  resin  excitation, 
for  example. 


Figure  26  Flow  Front  Comparison  Between  Control  (left)  and  Robotic  Modification  of  flow 
(right).  Note  the  large  dry  area  on  in  the  control  injection,  and  the  pool  of  resin  ( circled  in 
red)  that  is  present  immediately  after  the  REx  chamber  is  removed. 


Additional,  this  technique  is  usable,  since  nothing  is  permanently  bonded  into  the  finished 
product,  which  reduces  costs  compared  to  other  flow  modification  methods  in  which  some  part 
of  the  method  relies  on  disposable  elements  for  success.  Since  nothing  is  bonded  into  the  part, 
its  mechanical  properties  must  perforce  be  maintained;  nothing  about  the  composition  of  the 
finished  product  is  altered. 
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Three  potential  implementations  tor  the  chamber  exist,  a  fully  manual  version  a  semi 
automated  version,  and  a  fully-automated  version  Each  implementation  has  its  own  benefits 
and  drawbacks  in  terms  of  cost,  complication  accuracy,  and  consistency  The  majority  of  the 
Mist  of  the  non-manual  systems  is  indeed  in  the  automation  realm  and  does  not  lie  with  the 
REx  vacuum  technology  itself  Since  the  material  for  chamber  construction  is  relatively  cheap 
in  be  ea  sih  mai  ie  to  accomiiK 

that  this  method  is  designed  to  overcome  flow  anomalies  nosed  by  slight  variations  m  preform 
ability  over  a  large  area  rather  than  anomalies  caused  by  permeabilities  that  are  orders 
ot  magnitude  different,  though  experiments  have  proven  that  the  chamber  is  capable  of  handling 
this  type  of  situation  as  well. 


Development  of  a  Closed  Loop  Control  Strategy  for  VARTM  using  a  New, 
Segmented  Resin  Injection  Line 

Two  active  flow  control  strategies  were  designed  and  validated  during  this  phase  of  the  project. 
The  first  was  a  simple  closed  loop  algorithm  that  used  point  sensors  to  feedback  the  resin  flow 
position  during  injection.  The  second  was  a  closed-loop  adaptive  routine  that  was  realized  by 
integrating  LIMS  into  the  controller  program,  thus  providing  the  ability  to  simulate  filling 
characteristics  in  real  time.  The  controller  was  developed  in  Labview  7.1  and  used  the  dynamic 
link  library  (.dll)  version  of  LIMS  to  perform  simulations  during  injection. 

Closed-Loop  Flow  Control  using  Point  Sensor  Feedback  (Strategy  A) 

Flow  control  strategy  A  is  a  closed-loop  control  method  with  point-sensor  feedback;  the  basic 
control  architecture  is  illustrated  in  Figure  27.  The  entire  mold  cavity  is  divided  into  m  by  n 
regions  where  m  is  the  number  of  rows  of  sensors  along  the  length  of  the  mold  and  n  is  the 
number  of  injection  line  segments.  For  example,  if  the  number  of  injection  line  segments  used  is 
3  and  the  number  of  rows  of  sensors  along  the  length  of  the  mold  is  6  then  the  entire  mold 
region  is  divided  into  6  by  3  regions  resulting  in  18  total  sensors.  Each  sensor  can  be  thought  of 
as  an  indicator  used  to  determine  when  a  region  has  been  filled  with  resin.  Every  segment  of 
the  injection  line  is  assigned  a  group  of  sensors.  For  a  simple  rectangular  mold  like  the  ones 
considered  in  this  study,  the  complete  column  of  sensors  in  front  of  a  particular  segment  are 
assigned  to  that  segment.  The  command  line  feature  of  LIMS  is  used  to  incorporate  the  virtual 
sensors  at  the  corresponding  nodes  in  the  mesh.  The  corresponding  control  logic  developed  for 
this  strategy  is  presented  in  a  flow  chart  in  Figure  28.  Initially  all  the  injection  segments  are  set 
as  gates.  The  till-factors  of  the  sensors  in  the  first  row  are  then  scanned  using  a  script  file  in 
LIMS.  LIMS  assigns  a  fill-factor  value  of  1  to  a  node  if  it  is  filled  with  resin  and  0  if  it  is  dry.  If  all 
regions  have  a  fill-factor  of  1  for  a  given  row  of  sensors,  then  the  injection  line  segments  are 
kept  turned  on  and  the  next  row  of  sensors  is  scanned  and  evaluated  in  a  similar  manner. 
Otherwise,  the  injection  segments  whose  corresponding  sensors  in  the  row  scanned  have  a  fill- 
factor  value  of  1  are  turned  ott  and  the  resin  infusion  continues  only  from  the  other  segments 
until  the  if-condition  is  true  for  the  row.  With  this  approach,  the  segmented  injection  line  is  used 
to  correct  the  actual  flow  pattern  by  supply  resin  only  to  the  region  where  the  flow  is  lagging  (i.e. 
where  the  fill-factor  is  still  0).  Each  row  is  continually  scanned  to  identify  regions  with  a  “0"  fill 
factor  until  the  mold  is  completely  filled.  The  injection  segments  are  turned  off  when  all  the 
sensors  have  a  fill-factor  value  of  1.  The  logic  required  to  adopt  this  control  strategy  in  LIMS  is 
written  in  a  L-basic  script  file  which  is  interpreted  using  the  command  line  input  in  LIMS. 
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Figure  2 7  Controllei  sttucture  foi  Control  Strategy  A 


Figure  28  Controller  logic  for  flow  control  using  point  sensors  (Strategy  A). 


Model-Based  Real-time  Adaptive  Flow  Control  (Strategy  B) 

Flow  control  strategy  B  uses  a  real-time  adaptive  control  algorithm  to  modify  resin  flow.  As 
illustrated  in  Figure  29,  actual  flow  front  position  Yacujai(t)  is  measured  and  fed  back  to  a  LIMS 
simulation  model  to  determine  the  best  injection  line  configuration  U  within  the  control  time  (dt) 
so  as  to  progress  the  flow  front  to  Ydesired(t+dt).  The  implementation  of  this  strategy  essentially 
consists  of  two  main  parts.  The  first  is  the  development  of  the  process  architecture  and  its 
components  The  second  is  the  development  and  implementation  of  the  control  algorithm  in 
software.  The  essential  components  of  the  process  architecture  to  implement  control  strategy  B 
are  the  LIMS  simulation  software,  script  files  to  simulate  the  flow  in  LIMS,  desired  flow  front 
shapes  Ydesired(t+dt)  at  various  instants  of  time  and  distance  along  the  length  of  the  mold  and 
various  injection  line  configuration  sets  Ut+dt  (the  sets  contained  in  Ut+dt  are  all  the  possible 
combinations  of  operation  of  the  injection  line  segments  in  terms  of  “on"  or  “off"  at  the  next  time 
step).  A  virtual  environment  is  used  to  simulate  the  flow  and  provide  the  optimum  injection  line 
configuration  at  different  instants  of  time  as  the  mold  fills.  This  architecture  of  the  adaptive 
closed-loop  process  controller  is  used  to  implement  the  control  logic  of  strategy  B  presented  in 
the  flow  chart  in  Figure  30.  The  finite  element  mesh  of  the  mold  with  the  preform  and  resin 
parameters,  L-basic  script  files  to  simulate  the  flow  in  LIMS,  injection  segment  data  sets  and  the 
desired  flow  patterns  at  various  instants  of  time  are  used  to  predict  the  flow  for  different  injection 
line  configurations  in  the  time  interval  dt  as  well  as  the  flow  front  position  Y{t  +  dt))  for  every 
possible  injection  line  configuration.  The  predicted  flow  positions  are  then  compared  with 
Y desite<i(t  +  dt).  The  time  (t+dt)  is  the  time  at  which  at  least  one  of  the  virtual  sensors  in  the  next 
row  along  the  length  of  the  mold  is  filled  with  resin.  The  injection  line  configuration  which 
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provides  the  smallest  erroi  between  ttie  desire  and  predicted  flow  fronts  at  time  ttrdt)  is 
selected  as  the  optimal  injection  line  configuration  U.  The  injection  line  segments  are  then 
actuated  and  thi  dure  is  Kl  until  the  flow  ’  it  lit  D  tt  2  other  hand, 

if  the  srroi  the  tolerable  hand  at  any  tii  .  «  sanv  nje  tion  line  configtir  uiot  is 
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Figure  29  Controller  structure  for  Control  Strategy  B. 
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Figure  30  Controller  logic  for  the  real  time  adaptive  control  algorithm  (Strategy  B).. 


VARTM  Experimental  Setup  and  Validation 

To  evaluate  the  performance  of  the  segmented  injection  line  and  controller,  a  lab-scale  mold 
was  created.  The  conventional  injection  line  was  replaced  with  the  segmented  injection  line. 
Based  on  the  previous  analysis  of  the  resin  flow  for  the  lay-up  pattern  being  studied,  the  number 
of  segments  in  the  injection  line  used  for  all  the  experiments  was  three.  A  schematic  ot  the 
experimental  set-up  is  shown  in  Figure  31 .  The  regions  of  higher  permeability  within  a  preform 
lay-up  were  created  by  with  additional  layers  of  distribution  media  over  those  regions. 
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Figure  31  Experimental  setup  used  to  evaluate  the  segmented  injection  line. 

The  sources  of  vacuum  to  operate  each  injection  line  segments  of  the  injection  line  were 
computer  controlled  through  the  opening  and  closing  independent  pneumatic  solenoid  valves. 
The  control  of  vacuum  chamber  pressure  for  each  segment  was  actually  achieve  with  two 
valves;  one  was  used  to  apply  and  hold  vacuum  (to  open  the  segment)  and  the  other  to  release 
vacuum  and  open  the  chamber  to  atmospheric  pressure  (to  close  the  segment).  A  CCD  video 
camera  located  above  the  mold  was  used  along  with  a  National  Instruments  IMAQ  frame 
grabber  card  to  measure  the  resin  flow  during  the  mold  filling  process.  The  mold  region  was 
grabbed  at  one  second  intervals  and  image  analysis  software  was  written  to  create  a  grid  of 
virtual  sensors  from  the  mold  image  where  each  sensor  corresponded  to  a  particular  region  in 
the  mold  cavity.  A  24  by  3  region  grid  was  used  for  all  experiments 

Evaluation  of  Control  Strategy  A 

The  opening  and  closing  of  the  segments  of  the  injection  line  were  independently  controlled  with 
the  algorithm  presented  in  Figure  28  using  virtual  sensors  created  from  the  CCD  camera  image. 
Labview  was  used  to  implement  the  control  algorithm  and  collect/compare  image  (virtual 
sensor)  data,  then  actuate  the  appropriate  injection  line  segment.  The  open  loop  characteristics 
along  with  the  performance  of  strategy  A  are  shown  in  Figure  32a  and  b,  respectively.  The 
measured  void  size  was  significantly  reduced  and  indicates  that  this  relatively  simple  algorithm 
in  conjunction  with  the  three-segment  injection  can  significantly  improve  part  quality  where 
variations  in  permeability  exist.  Note  that  all  experiments  were  terminated  when  resin  first 
reached  the  vacuum  line,  even  though  the  mold  would  eventually  fill  in  some  cases.  As  a  result, 
strategy  A  was  not  able  to  completely  eliminate  the  void. 

Evaluation  of  Control  Strategy  B 

The  control  algorithm  logic  illustrated  in  Figure  30  was  implemented  in  Labview  and  utilized  the 
LI  MS  dynamic  library  link  for  real-time  estimates  of  the  resin  flow  front.  Prior  to  running 
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(a)  (b)  (c) 

Figure  32  Measured  resin  flow  boundaries  at  different  stages  of  filling,  (a)  open  loop 
response,  (b)  control  strategy  A,  (c)  control  strategy  B. 


Figure  33  Control  actions  taken  for  (a)  control  strategy  A  and  (b)  control  strategy  B. 

experiments,  the  effect  of  model  size  on  processing  time  was  examined.  Tests  were  conducted 
with  an  Intel  Pentium  III,  1  GHz  processor  running  Labview  7.1.  Initial  trials  revealed  that  the 
number  of  nodes  did  have  a  significant  effect  on  run  time.  Experimental  results  obtain  with 
strategy  B  are  shown  in  Figure  32c,  and  do  indicate  improved  performance  over  control  strategy 
A.  in  terms  of  void  reduction.  In  fact,  the  void  was  eliminated  for  this  mold  configuration. 
Comparison  of  the  controller  actions  for  A  and  B  (Figure  33)  reveals  a  subtle  but  important 
difference  between  the  two  algorithms  in  which  segment  1  was  actuated  for  a  short  time  under 
A  but  not  B.  The  additional  injection  from  segment  1  under  A  resulted  in  the  flow  front  reaching 
the  vacuum  line  before  the  mold  was  filled,  thus  creating  a  void.  These  results  suggest  that  the 
benefits  of  the  adaptive,  model-based  control  may  have  performance  advantages  over  the  more 
simplistic  sensor-based  control  algorithm 


Summary  of  Key  Findings 

A  virtual  experimentation  environment  with  the  integration  of  LIMS  into  Labview  was 
successfully  developed  Various  active  flow  control  strategies  for  VARTM  using  the  segmented 
injection  line  were  evaluated.  These  strategies  were  implemented  in  the  virtual  design 
environment  and  the  performance  of  the  segmented  injection  line  was  evaluated  for  different 
preform  lay-up  scenarios.  The  ability  to  control  the  resin  flow  in  VARTM  using  the  segmented 
injection  line  was  demonstrated  through  both  simulations  and  experiments.  The  integration  of 
LIMS  and  Labview  was  successfully  implemented  as  a  part  of  the  active  flow  control  strategies. 
This  new  injection  line  technique  has  proven  to  be  a  very  important  strategy  in  achieving  better 
flow  control,  especially  where  variations  in  permeability  and  complex  mold  shapes  are  present. 
Results  indicate  there  is  a  significant  decrease  in  the  void  area  with  the  segmented  injection  line. 
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Optimal  How  control  was  achieved  by  changing  the  lengths  of  the  infection  line  segments  and 
using  suitable  control  action,  both  of  which  are  mold  dependent  in  addition,  an  adaptive  control 
algorithm  that  uses  a  finite  element  model  to  provide  real-time  updates  of  the  injection  line 
onfiguration  was  developed  and  implemented  on  a  lab-scale  mold  Experimental  validation  if 
different  control  strategies  lemonstrate 
MRTM  and  m  i>.  used  |m  alirnin  He  void  formation  dunnq  injection 
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Task  9:  Structural  Monitoring  of  Composite  Materials 

ctural  damage  results  in  local  stiffness  changes  which  affects  the  dynamic  characteristics 
of  the  structure  A  two-dimensional  Gapped  Smoothing  Method  can  be  used  to  determine  the 
stiffness  u  regularity  of  t  structi.ii  and  this  information  :an  he  used  to  identity  locate  ano 
quantify  defects  The  Gap  I  Smoothing  Meth  .  eration 

which  can  he  derived  tiom  experimental  acceleration-based  tiequency  tespons-*  (unction  i  F RF  ■ 
data  Traditionally  these  FRFs  have  been  measured  from  a  structure  using  a  roving  hammet 
technique.  One  or  more  accelerometers  are  maintained  at  fixed  reference  positions,  and  the 
structure  is  excited  with  an  instrumented  hammer  at  each  test  point  in  a  grid  in  turn.  While  setup 
of  the  experiment  is  reasonably  quick,  the  actual  data  acquisition  can  be  time  consuming.  Also, 
the  procedure  is  not  easily  amenable  to  automation.  This  study  investigates  an  alternative 
approach,  which  is  to  rely  on  the  reciprocity  principle.  Rather  than  measuring  the  response  at  a 
few  locations,  and  exciting  a  large  number  of  points,  the  investigated  method  is  to  excite  at  a 
few  points,  and  measure  the  response  at  a  large  number  of  points  The  cost  of  hundreds  of 
conventional  accelerometers  can  be  prohibitive,  and  therefore  this  project  investigated  using  an 
array  of  low  cost  MEMS  accelerometers.  MEMS  are  also  attractive  in  that  they  may  be 
embedded  into  a  composite  structure  during  manufacture. 

There  are  two  different  scenarios  that  can  obtain  the  required  array  of  FRFs.  These  are  shown 
schematically  in  Figure  34  The  first  approach  is  to  establish  a  few  fixed  reference 
accelerometers,  and  to  excite  the  structure  at  each  of  the  test  points.  This  approach  is 
comparable  to  the  method  used  for  experimental  modal  analysis  with  a  roving  impulse  hammer, 
although  analyzer  configuration  and  test  mesh  density  tend  to  be  different  for  NDI.  The  second 
approach  is  to  excite  the  structure  at  just  a  few  locations,  but  this  time  the  response  is 
measured  with  an  array  of  accelerometers,  one  per  test  point. 

Fundamentally,  the  principle  of  reciprocity  ensures  the  two  different  experimental  approaches 
yield  the  same  FRF  data  sets,  since: 

H  lt(co)  =  Hh(co)  (4) 

where  /  and  A  are  the  excitation  and  response  coordinates  respectively. 


Excite  every  grid  point  Many  accelerometers 


(a) 


(*>) 


Figure  34  Experimental  setup  for  two  case  scenarios. 

•  Case  I:  Multiple  excitation  with  a  few  sensors 

•  Case  II:  Sinale  excitation  with  multiple  sensors. 
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Figure  35  Vibration  testing  of  a  CIRTM  sandwich  panel.. 


The  use  of  this  second  approach,  using  an  array  of  MEMS  accelerometers,  has  not  previously 
been  investigated,  and  a  comparison  with  the  first  approach  is  the  major  focus  of  this  study. 
The  laboratory-scale  composite  panel  shown  in  Figure  35  measured  24.5  x  20.8  x  3.7  inches, 
and  was  manufactured  for  the  US  Navy  as  a  potential  fire  test  specimen.  The  panel  had  two 
1.50  inch  thick  balsa  cores  separated  by  an  E-glass/vinyl  ester  skin.  The  outer  layer  was  E- 
glass/vinyl  ester  and  formed  the  outer  surface  of  the  structure,  while  the  seventh  layer  (E-glass/ 
phenolic)  formed  the  inside  surface,  and  acted  as  a  fire  protection/retardant  layer.  The  fifth  layer 
was  supplementary,  and  provided  support  the  whole  structure  if  the  first  layer  was  burnt  away 
by  fire. 


The  part  was  manufactured  using  the  one-step  Co-Infusion  Resin  Transfer  Molding  (CIRTM) 
process  by  Anholt  Technologies,  Inc.  A  circular  Teflon  film  was  inserted  at  the  interface  between 
the  E-glass/vinyl  ester  layer  and  the  balsa  core  during  the  manufacturing  process  to  introduce  a 
known  defect.  Also,  a  large  delamination  existed  at  the  interface  between  the  E-glass/vinyl  ester 
layer  and  the  balsa  core.  This  was  caused  by  a  manufacturing  defect  where  the  layers  were 
forced  apart  by  the  evaporation  of  entrapped  water  during  elevated  temperature  curing.  During 
vibration  testing  two  rubber  bungee  cords  held  the  composite  panel  to  simulate  an  all-free 
boundary  condition.  A  total  of  224  (16x14)  grid  points  were  marked  on  the  front  surface  of  the 
panel  with  a  1.5  inch  grid  spacing  in  both  horizontal  and  vertical  directions.  Two  MEMS  sensors 
(ADXL150)  were  placed  at  the  upper  right  corner  on  both  surfaces  of  the  panel  to  obtain  the 
dynamic  responses  of  the  panel. 

Figure  36(a-b)  show  contour  plots  of  the  Structural  Irregularity  Indices  obtained  using  the  roving 
hammer  test  (Case  I).  Excitation  was  on  the  E-glass/vinyl  ester  side,  and  the  responses  were 
measured  with  sensors  attached  at  the  front  and  back  surface  of  the  composite  panel, 
respectively.  Both  results  identified  the  large  elliptical  delamination.  Since  the  single 
accelerometer  was  located  near  the  small  circular  delamination,  the  data  should  not  be  used  to 
indicate  that  the  damage  was  located.  The  reduction  in  the  “sensor  feature"  in  Figure  36(b)  is 
directly  attributable  to  the  extra  distance  between  the  front-tested  surface  and  the  back-mounted 
accelerometer.  The  MEMS  array  results  are  shown  in  Figure  36(c-d).  When  excitation  was  on 
the  front  surface  the  “sensor  feature"  dominates  the  plot,  although  there  is  some  indication  that 
the  elliptical  delamination  was  located.  Results  from  impacting  on  the  back  surface  better 
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Figure  36  Structural  Irregularity  Index  for  the  composite  panel.  (Dotted  circles  show 

delaminated  areas;  Star  marks  show  exciting/sensing  locations) 

•  Case  I,  Excite  the  front  surface  and  sense  at  the  front  surface 

•  Case  I,  Excite  the  front  surface  and  sense  at  the  back  surface 

•  Case  II,  Excite  the  front  surface  and  sense  at  the  front  surface 

•  Case  II,  Excite  the  back  surface  and  sense  at  the  front  surface 

identify  the  elliptical  delamination,  but  the  results  are  not  as  clear  as  when  using  the  roving 
hammer  method.  The  mass  loading  caused  by  the  MEMS  sensors  and  their  associated  wiring 
changed  location  as  the  MEMS  were  moved  one  column  at  a  time  across  the  structure.  It  is 
speculated  that  this  changing  mass  loading  caused  sufficient  changes  in  the  structural  dynamics 
of  the  panel  that  the  damage  feature  was  reduced  in  magnitude  when  compared  with  the  roving 
hammer  method.  This  problem  could  be  resolved  by  installing  a  complete  array  of  MEMS  and 
leaving  it  in  situ  throughout  the  test.  There  is  also  a  possibility  that  the  relative  calibration  of  the 
MEMS  may  have  caused  some  small  variations  in  the  measured  data,  similarly  reducing  the 
effectiveness  of  the  procedure 

The  second  test  article  was  an  8  x  4  x  4  foot  composite  structure,  replicating  the  corner  of  a 
topside  Director  Room  (Figure  37a),  which  is  an  electronic  enclosure  for  the  US  Navy  DDG-51 
destroyer.  The  corner  structure  consisted  of  three  composite  sandwich  panels  with  the  same 
configuration  as  the  previous  panel.  They  were  also  fabricated  with  the  CIRTM  process.  The 
corner  structure  was  a  prototype  and  it  contained  manufacturing  defects  (delaminations)  caused 
by  trapped  water  vapor  that  evolved  during  the  elevated  temperature  cure.  Figure  37  (b)  shows 
the  outside  surface  (E-glass/vinyl  ester),  where  the  delaminated  areas  can  be  observed  as 
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lighter  colored  regions.  The  defects  on  the  inner  surface  lE-glass/phenolic)  cannot  be  identified 
visually  because  the  phenolic  resin  was  opaque.  Figure  37(c).  During  testing  the  structure  was 
stood  upright,  with  the  8-foot  side  in  the  vertical  direction  The  bottom  of  the  structure  was 
isolated  from  the  ground  using  rubbet  isolation  pads.  All  surfaces  of  the  structure  were  marked 
with  1  6-mch  squat  :•  test  mesh  f  .  atal  of  315  test  points  For  this  structure  both  ICP 
ROB  PieZu-electi'OMi-  •>  m  and  ME  Ms  ADXLI5CU  iM'eleromete< vvei-  ised  h  id- 
•ompare  then  peifotmance 


(b)  (c) 

Figure  37  Composite  topside  ship  structure  (fabricated  by  Anhoit  Technologies, 
Inc.),  (a)  CIRTM  manufacturing  process  of  the  corner  structure;  (b)  Inside  of  the 
corner  structure;  (c)  Outside  of  the  corner  structure 


Figure  38(a-f)  show  contour  plots  of  the  Structural  Irregularity  Indices  obtained  using  the  roving 
hammer  test  (Case  I)  and  MEMS  array  (Case  II).  In  these  figures  the  dashed  line  identifies  the 
visually-located  delaminations  It  is  interesting  to  note  that  the  damage  is  so  severe  that  when 
the  reference  point  was  at  point  “A",  the  damage-related  Structural  Irregularity  Indices  have  a 
larger  magnitude  than  those  caused  by  the  operating  curvature  shapes  transducer  anomaly 
discussed  earlier.  When  the  reference  is  within  the  boundaries  of  the  delamination,  Point  “B”, 
the  Structural  Irregularity  Indices  increase  in  magnitude  near  the  transducer,  but  the  major 
delamination  is  still  identified.  One  of  the  main  aims  of  the  work  reported  here  was  to  verify  that 
both  the  roving  hammer  and  MEMS  array  test  protocols  were  valid.  Comparing  Figure  38  (a,  c, 
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ei  and  separately  comparing  Figure  38  (b,  d  f)  it  can  be  seen  that  there  is  excellent  agreement 
between  the  two  roving  hammer  tests  (one  using  high  quality  ICR  accelerometers  and  the  other 
using  low  cost  MEMS  accelerometers)  When  comparing  the  roving  hammer  (Case  b  with  the 
MEMS  array  rCase  Hi  there  arc  some  differences  in  the  lower-valued  details  However  the 
>verall  shapes  rf  the-  plots  are  similar  the  main  damage  features  are  equally  well  identified 
i  nagnitudes  it  rh-  Slruc.tural  Irregularity  Indices  ar  irable 


Figure  38  Structural  Irregularity  Index  for  the  composite  corner  structure. 

(Dotted  areas  show  delaminated  areas;  Star  marks  show  exciting/sensing  locations) 

•  Case  I,  Excite  the  front  surface  and  sense  at  the  location  A  with  ICP 

•  Case  I,  Excite  the  front  surface  and  sense  at  the  location  B  with  ICP 

•  Case  I,  Excite  the  front  surface  and  sense  at  the  location  A  with  MEMS 

•  Case  I,  Excite  the  location  B  and  sense  at  the  front  surface  with  MEMS 

•  Case  II,  Excite  the  location  A  and  sense  at  the  front  surface  with  MEMS 

•  Case  II,  Excite  the  location  B  and  sense  at  the  front  surface  with  MEMS. 
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In  all  of  the  roving  hammer  cases  the  ICP  and  MEMS  results  were  highly  comparable,  with  only 
small  differences.  These  results  indicate  that  low-cost  MEMS  sensors  have  sufficient  fidelity  for 
use  in  vibration  based  NDI  methods.  The  technique  using  a  MEMS  array  ot  sensors  is  an 
enabling  technology  toi  full  automation  and  remote  diagnostics  toi  the  health  monitoring  a* 
urge-scale  tn-service  structures  Future  work  includes  developing  nature'  excitation  method- 
such  ris  vehicle  induced  vibration  foi  bridges  engine  induced  vibration  fm  an  raft  vviiuis  and 
i uf h  'V.  ridu'/od  ibi  attor  t'O  i  ,>n  -p’v  turbine  lob-i  blade- 
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Task  10:  Intelligent  Design  of  Prototype  Molds  for  Injection  and 
Control  in  RTM 

(VA)RTM  Workstation 

PihviousIv  ■'  workstation  .v.-,r.  lesignxi  -m  l  built  r  facilitate  lasean  l>  and  pt  >t*  ityp-.- 
development  toi  the  RTM  process  This  workstation  is  able  to  quickly  and  easily  manufacture 

various  part  geometries,  as  well  as  providing  individual  control  to  several  inlet  gates  and  vents 

distributed  over  the  surface  of  the  mold.  Embedded  sensors  provide  information  about  the  flow 
progression  without  interfering  with  normal  molding  procedures.  Finally,  all  components  are  tied 
together  with  a  supervisory  computer  and  software  to  provide  automation  and  data  logging 
during  the  experiments.  Recent  years  have  seen  the  increase  in  popularity  of  the  VARTM 
process,  and  it  was  therefore  desired  to  utilize  the  workstation  for  VARTM  research  as  well. 

Upon  initial  experiments,  it  was  discovered  that  vacuum  was  quickly  lost  inside  of  the  mold 
cavity  While  leakage  was  initially  suspected  as  the  cause  of  the  problem,  further  investigation 
discovered  that  the  vent  channels  providing  vacuum  to  the  mold  cavity  were  being  blocked  off 
due  to  the  tower  membrane  separating  the  piston  and  molding  plate.  What  was  happening  was 
that  initially,  a  strong  vacuum  would  be  pulled  in  the  mold.  The  vacuum  in  the  channels  was 
sucking  the  membrane  up  against  the  top  plate,  thus  sealing  the  channels  from  the  mold  cavity. 


The  solution  was  to  draw  vacuum  under  the  lower  plate,  since  it  was  the  air  coming  through  the 
pistons  that  is  pushing  the  membrane  up  against  the  vacuum  inside  the  channels. 
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Therefore,  a  design  was  made  to  encase  all  of  the  pistons  in  a  large  chamber  Then  vacuum 
could  be  pulled  inside  the  chamber,  thus  neutralizing  the  pressure  level  above  and  below  the 
uembrarv*  Thi^  would  maintain  the  membrane  m  its  propei  place  and  illow  for  vacuun  t>'-,  be 
maintained  in  the  mold  itself 


With  this  design,  the  vacuum  chamber  was  designed  and  built  from  acrylic.  It  was  installed  into 
the  workstation.  Testing  demonstrated  that  applying  vacuum  to  the  chamber  did  neutralize  the 
pressure  across  the  membrane,  thus  ensuring  the  membrane  would  stay  down  with  vacuum 
applied  in  the  channels. 

Next,  experiments  were  conducted  to  see  how  manufacturing  using  this  apparatus  compared  to 
standard  VARTM  infusion.  The  major  difference  between  using  this  apparatus  and  traditional 
manufacturing  is  that  the  gates  and  vents  are  located  on  the  molding  surface,  as  opposed  to  on 
the  bag  surface.  Distribution  media  needs  to  have  a  direct  connection  to  the  main  injection  gate, 
so  that  the  fluid  can  be  easily  distributed  over  the  preform.  Since  the  gates  are  on  the  mold 
surface,  and  the  distribution  media  is  typically  placed  on  the  bag  surface,  this  is  not  immediately 
possible.  The  solution  entails  draping  the  distribution  media  over  the  end  of  the  preform,  and 
connecting  it  to  a  gate  not  covered  by  the  preform  itself.  Therefore,  the  fluid  will  emerge  from 
the  gate,  connect  immediately  to  the  distribution  media,  and  flow  through  the  distribution  media, 
and  finally  through  the  preform  itself  The  only  concern  is  to  place  some  highly  permeable 
material  (such  as  additional  layer  of  distribution  media  or  breather  doth)  between  the 
distribution  media  and  gate  so  that  the  vacuum  bag  does  not  collapse  into  the  channels  in  the 
distribution  media,  and  slow  down  the  flow. 

With  all  of  these  precautions,  it  was  found  that  experimentation  went  very  well  The  bagging 
process  was  even  easier  than  traditional  VARTM,  due  to  the  absence  of  omega  tubing  that 
created  the  need  for  vacuum  bag  pleating.  With  the  cleaner,  easier  bagging  process,  leaking  is 
less  likely,  as  the  majority  of  bag  leaks  occur  due  to  the  pleating. 
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The  photo  below  shows  the  setup,  and  demonstrates  the  draping  of  the  distribution  media  past 
the  fabric  edge  with  breather  cloth  placed  underneath  to  avoid  collapse 
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Task  11:  Technology  Transfer  Test-Bed  -  Infusion  of  Tall  Structures 

The  present  study  investigates  the  infusion  beha  •  •  .  iding  gravitational  effects  f  >i  irious 

tall  structure  infusion  scenarios,  a  closed  form  analytical  solution  including  gravitational  effects 
•iiv l  friction  losses  within  injectioi  tubes  is  developerl  tv  capture  the  process  physii  ••  ■  ituque  I- 

till  structures  Flow  front  location  ■  and  resii  till  times  liav  .  id  i  g 

process  values  to  evaluate  processing  limitations  and  optimum  processing  auditions 
Experiments  have  been  conducted  to  investigate  the  resin  flow  front  and  pressure  distribution 
and  to  validate  the  analytical  model  for  several  different  infusion  scenarios.  Sensors  integrated 
in  the  tool  provide  real  time  data  on  the  pressure  distribution  and  flow  front  locations.  Case 
studies  include  infusions  of  two  fabrics  of  different  permeabilities  at  various  inclination  angles 
and  flow  directions.  The  basic  assumptions  for  the  resin  flow  are  that  the  fluid  is  Newtonian  and 
incompressible,  the  flow  is  one-dimensional  and  laminar  in  the  tube  and  preform,  resin  has 
constant  density  and  temperature,  the  reinforcement  is  homogenous  with  constant  porosity  and 
permeability,  and  the  tubing  and  perform  have  constant  cross  sections.  Figure  39  shows  a 
schematic  diagram  and  the  coordinate  systems  of  the  one-dimensional  VARTM  tall  structure 
manufacturing  process. 


The  resin  arrival  time  changes  due  the  gravitational  forces  applied  to  the  resin.  Combining 
continuity  and  momentum  equations  with  Darcy’s  law  leads  to  the  following  equation  for  the  flow 
time: 


<PP 

Kpg  sin(0) 


,v  + 


8* WmHmL, 


idV 


pg  sin(O) 


+ 


sin(O) 


In 


1  + 


spg  sin(0) 
P-P-  pgL t 


(5) 


where  Pr  is  the  vacuum  pressure  of  the  resin  bucket;  p  is  the  viscosity  and  p  is  the  density  of 
resin,  respectively;  g  is  the  gravitational  constant,  K  is  the  permeability  in  the  preform,  and  0  is 


Resin  bucket 
Resin  inlet  tube 
Injection  gate 
Vent 

Vacuum  bucket 


Figure  39  Schematic  diagram  and  coordinate  systems  of  the  tall  structure  resin  infusion 
system. 
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the  porosity  of  the  perform  Using  the  following  dimensionless  variables 

s  s  i  '  r  r  u  u,  <  k  / 1.  ■'  /)!,-/  ./’  r .. 

i  U  //  /  A'  /  /  /  /  / 

E  |Udlim  m  jr  ! i.'  i - •; w i i  i  .  rim  t  allowing  : >•  ‘>i  dimensionalizod  equation 

>U  I  .  „•  Mil,  H 

\  t  I  III  |  • 

k  ,  >llli  (")  i  7 1  I  v  >1111 EJ  i  >nil  Hi  I  7 


If  the  resin  flows  downward  in  the  preform  (i.e  ,  0  =  90  ),  and  if  the  tube  loss  is  negligible 
{I.  I  -  0 ),  then  Equation  (7)  becomes  as  follows: 


t : : 


Jp_ 

k* 


ln( I  +  g  *  s  *) 


(8) 


x*  (g*r 

lf  the  gravitational  effect  is  negligible  ( i>*  =  0)  and  the  mold  and  tube  are  horizontally  located 
(i.e.,  /  -  (-)  -  0 )  but  the  tube  loss  is  included,  Equation  (7)  becomes  as  follows: 


A:: 


8 a*lh*s* 

rt 


If  both  the  tube  loss  and  gravitational  effects  are  neglected,  Equation  (3)  becomes: 

t  *  =  <p{s*Y  /(2k*) 


(9) 

(10) 


where  t  is  the  reference  dimensionless  resin  fill  time.  Equation  (10)  provides  the  flow  time 
typically  associated  with  the  one-dimensional  Darcy’s  law. 


The  relative  resin  fill  time  with  the  dimensionless  gravitational  term  (g  ::)  as  defined  in  Equation 
(2)  is  shown  in  Figure  40  (Assuming  no  friction  and  head  losses  in  the  injection  tube,  i.e., 


g* 


Figure  40  Relative  resin  fill  time  with  dimensionless  pressure  (g  ). 
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/  l) ),  Relative  resin  fill  time  'educe  •  the  dimensionless  head  increases  foi  Cases  I 

(horizontal  infusion)  anil  li  {downward  infusion).  The  graph  also  illustrates  the  significant  height 
limitations  of  the  upward  infusion  scenario  {Case  III  upward  infusion)  Resin  cannot  fully 

mpregn  i  . t  when  the  dimensionless  head  is  over  1  f<  .  ill  Therefore  there  is 

limitation  in  the  length  R  th.  mold  as  a  function  at  resin  density  and  infusion  pmssui  wlvar 
esin  '  injected  upwa  I  .veil;  the.  Iimitatio-  ir  the  i  ngth  of  fh  mol'  l  wlv-  esin  flow 

horizontally  ji  lownwaid  it  the  VARTM  process 

Figure  41(a)  and  (b)  show  comparison  of  the  results  between  experiments  and  simulations  with 
the  analytic  solutions  using  the  two  different  preform  materials.  Dotted  lines  show  experimental 
results  and  solid  lines  show  those  from  the  analytic  solution.  The  resin  fill  time  at  the  4-meter 
mark  was  7,  4.2,  and  14  hours  for  the  Airweave  preform  with  predicted  values  of  7,  4.9,  and  14 
hours  showing  very  good  agreement  between  model  prediction  and  experimental  validation 
results.  The  shading  cloth  has  higher  permeability  and  thus  exhibited  faster  flow  times.  The 
experimental  values  show  4-meter  mark  arrivals  times  at  20,  16,  and  35  minutes  for  the  shading 
cloth  for  Cases  I,  II.  and  III,  respectively.  The  arrival  times  only  differed  slightly  for  Case  III, 
which  can  be  explained  by  local  variations  of  the  preform  permeability  and/or  slight  changes  in 
the  resin  viscosities.  However,  overall  the  model  was  able  to  quantify  accurately  the 
increase/decrease  of  the  fill  time  for  the  two  different  materials  and  in  all  process  variations. 
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Figure  41  Validation  of  analytic  solution  with  experimental  results .  (Dotted  lines  show 
experimental  results  and  solid  lines  show  those  from  the  analytic  solutions.). 
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Task  12:  Conformal  Antenna  Array 

In  this  study  the  feasibility  of  manufacturing  embedded  antennas  using  VARTM  process  and 
the  structural  performance  is  investigated.  The  primary  focus  is  on  the  integration  of  Copper 
idiatiog  elements  into  structural  skins  and  the  associated  issues  of  manufacturing  and 
performance  Traditional  intenna  systems  are  integrated  infr  structtn 

'placing  with  mfcnmal  patches  This  approach  requires  additi  1  il  c  il  rein 
;  •  maintain  structural  pedorrnai i-  e  Tms  study  tocuse an  integrating  -intenna  element  luectiy 
into  structural  composites  during  the  manufacturing  process  and  if  feasible  an  enable 
integrated  manufacturing  of  antennas  in  structural  composites. 

The  resulting  component  is  a  multifunctional  material,  which  has  to  meet  structural  and  dielectric 
requirements.  Components  that  are  embedded  in  the  structure  to  impart  dielectric  properties 
may  cause  the  structural  properties  of  the  part  to  suffer.  Our  goals  in  this  stage  are: 

•  To  enhance  the  bonding  between  the  Copper  inserts  and  the  composite  structure, 
through  the  use  of  surface  treatments. 

•  To  characterize  the  effect  of  antenna  components  on  the  structural  performance  of  the 
structure:  Specimens  with  inserts  of  varying  dimensions  in  them  will  be  manufactured. 
The  flexural,  tensile  and  compression  properties  of  these  specimens  will  be  measured 
and  plotted  as  a  function  of  the  insert  area /part  area  ratio. 

While  there  has  been  extensive  research  on  the  adhesion  between  copper  and  glass 
fiber/epoxy  composites,  there  has  not  been  very  little  attention  devoted  to  adhesion  between 
copper  and  glass  fiber/vinyl  ester  composites.  Compared  to  cured  epoxy,  cured  vinyl  ester  has 
comparable  mechanical  properties,  higher  water  resistance  and  better  dielectric  properties. 
Thus,  vinyl  ester  resin  system  is  a  good  candidate  material,  especially,  for  telecommunication 
applications  in  marine  industry.  The  goal  of  this  work  is  to  evaluate  the  adhesion  between 
copper  and  glass  fiber/vinyl  ester  composites  and  develop  methodologies  to  improve  it. 

As-received  copper  foils  were  treated 
using  different  methods  in  order  to 
control  and  improve  the  adhesion 
between  Copper  and  E-glass  fiber/vinyl 
ester  composites.  The  peel  strength 
behavior  and  failure  modes  for 
copper/glass  fiber/vinyl  ester  systems 
with  various  surface  treatments  were 
investigated  and  compared  to  those  for 
copper/glass  fiber/Epon  epoxy  baseline 
system.  The  results  indicate  that  the 
baseline  copper/glass  fiber/Epon  epoxy 
system  peel  strengths  were  twice  that 
of  the  untreated  copper/glass  fiber/vinyl 
ester  system  Four  surface  treatments 
for  copper  were  evaluated:  co-cured 
Epon/vinyl  ester,  fully  cured  Epon,  y- 
MPS  silane  and  epoxy  film  adhesive. 

Results  showed  that  the  average  peel  strengths  were  61%,  101%,  96%  and  105%  of  the 
baseline  copper/glass  fiber/vinyl  ester  system,  respectively.  Compared  to  the  copper/glass 
fiber/Epon  epoxy  system,  fully  cured  Epon,  y-MPS  silane  and  epoxy  film  adhesive  surface 
treatments  had  equivalent  peel  strengths,  The  peel  strength  results  also  show  fluctuations  that 
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Figure  42.  Adhesion  performance  of  copper/gfass 
fiber/vinyl  ester  (Method  A)  compared  to  that  for 
copper/  glass  fiber/epoxy  (Method  F). 
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significant  foi  samples  with  fully  cured  Epon  (12%)  and  epoxy  fill  .  ve  (17  i 

treatments  compared  to  all  other  samples. 
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Figure  43.  Average  peel  strength  measured  for  copper  specimens, 
with  different  surface  treatments  bonded  to  vinyl  ester  (A  -  untreated; 

F  -  bonded  to  epoxy). 

In  our  approach  the  radiating  elements  are  structurally  incorporated  with  glass  fiber/vinyl  ester 
composite  (which  serves  also  as  dielectric  medium).  We  used  the  copper  inserts  as  radiating 
elements.  For  conformal  antennas,  the  location  and  geometry  of  radiating  elements  are 
restricted  with  application  as  well  as  the  frequency  range  desired.  They  can  be  applied  in 
different  configurations  such  as  grid  copper  and  copper  coated  Kapton  copper,  or  spiral 
configuration  and  small  copper  batches  printed  with  a  grid  configuration  on  a  dielectric  substrate. 
Moreover,  Epoxy/glass  fiber  substrates  are  usually  used  as  dielectric  medium,  but  in  our  work, 
the  glass  fiber/vinyl  ester  composites  were  selected  as  reinforced  material  and  dielectric 
medium,  which  are  good  candidate  materials  for  water  immersion  applications. 

It  has  been  shown  that  the  adhesion  between  copper  and  vinyl  ester  is  poor  and  therefore,  the 
overall  structural  performance  of  the  composite  becomes  an  issue.  So,  the  copper  surface  has 
to  be  mechanically  and  chemically  compatible  with  composite  constituents,  otherwise,  the 
copper  inserts  become  non-reactive  inclusions  (i.e.  defects)  in  the  structure,  causing  the 
structural  integrity  to  degraded.  There  is  a  shortage  of  data  published  on  the  structural  integrity 
of  glass  fiber/vinyl-ester  composites  with  embedded  copper  inserts.  The  present  work  can  fill 
this  gap  by  evaluating  the  structural  properties  for  glass  fiber-vinyl-ester  composites  with  copper 
inserts  taking  into  consideration  parameters  such  as  the  copper  size  and  the  copper  surface- 
substrate  adhesion. 

When  the  conformal  antenna  structure  is  placed  in  an  application,  it  can  be  exposed  to  different 
loading  modes  depending  on  the  construction  of  the  antenna  structure.  Laminates  are  typically 
subject  to  flexure  loads,  while  for  a  conformal  antenna  as  a  part  of  a  sandwich  structure,  the 
compression  and  tension  modes  are  significant.  Thus,  the  present  work  focuses  on  structural 
properties  under  tension,  compression,  and  flexural  loading  for  glass  fiber-vinyl-ester 
composites  with  copper  inserts. 
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However,  adhesion  between  copper  and  vinyl-ester  is  important,  as  poor  adhesion  will  degrade 
structural  properties  In  our  previous  investigation,  it  has  been  shown  that  for  copper-glass 
fiber  vinyl  ester  system,  the  application  of  a  thin  interlayei  of  Epon  823  epoxy  to  the  copper 
surface  will  result  in  i  coppei  -substrate  adhesion  increase  of  1 00  -  This  method  of  copper 
surface  treatment  was  also  applied  worl  e  overall  structural  performani 

th._  imposites  having  )pp  i  1 1  •  >n  vith  different  ama  ratio?  Th<->  type->  1  testes  in  t  ipp. 
invut-.  applied  M  Hus  W'-'ti-  ii‘-  list' I  ii'  Table  2 


Table  2.  Structural  Performance  Test  Matrix 


Test 

Copper  Type 

Insert  Area  Ratio  (%) 

4-Point  Bending 

Bare  Copper 

0,  2.8,  11.1  and  44.4 

ETP  Copper  with  as-received 
treatment 

44.4 

ETP  copper  treated  with  Epon  828 
Epoxy 

44.4 

Tension 

ETP  Copper  with  as-received 
treatment 

0.  3.6,  7.1,  14.3  and 
28.6 

ETP  copper  treated  with  Epon  828 
Epoxy 

28.6 

Tension/Compression 

ETP  Copper  with  as-received 
treatment 

0,  0.9,  3.6,  14.3  and 
57.16 

ETP  copper  treated  with  Epon  828 
Epoxy 

57.16 

The  mechanical  properties  of  the  manufactured  composites  containing  various  size  inserts  were 
investigated  using  four-point  bending,  tension  and  compression  tests  as  a  function  of  the  insert 
size. 

The  mechanical  response  of  the  specimens  tested  in  tension  exhibited  a  shift  from  pure  elastic 
behavior  to  bilinear  behavior  for  large  inserts.  Furthermore,  the  ratio  of  elastic  modulus  to  non¬ 
elastic  (E 2/  E,)  and  elastic  strain  have  a  decreasing  trend  as  the  copper  area  ratio  increased, 
whereas  the  tensile  strength  and  the  Poisson's  ratio  were  not  affected  by  the  insert  size. 
Compared  to  tension  loading,  the  compressive  and  flexural  loadings  have  stronger  impact  on 
the  measured  mechanical  properties.  The  tensile  compressive  properties  (strength  and  strain  at 
failure)  showed  a  remarkable  decrease  in  their  values  as  the  insert  size  increased.  The 
specimens  tested  in  flexural  loading  did  show  a  significant  degradation  in  elastic  stress/strain 
values  and  failure  properties  associated  with  compression  mode  as  the  size  of  the  insert 
increased.  These  significant  losses  in  the  structural  properties  can  be  attributed  to  the  poor 
adhesion  between  the  copper  surface  and  the  composite.  The  poor  copper/composite  adhesion 
can  also  explain  the  failure  modes  observed  by  the  specimens  tested.  The  specimens  tested 
under  tension  showed  several  failure  modes  such  as  delamination  and  fracture  in  the  composite 
structure  and  copper  inserts,  where  the  larger  scale  delamination  was  observed  by  the 
specimens  with  larger  copper  inserts  size.  For  the  specimens  tested  under  flexural  loading,  the 
observed  failure  modes,  such  as  interfacial  delamination,  fiber/matrix  fracture  at  edges  of  the 
insert  and  copper  buckling  became  more  intensive  and  pronounced  for  specimens  with  larger 
insert  size.  Similar  failure  modes  were  observed  by  the  specimens  tested  in  tensile  compression. 

A  surface  treatment  of  copper  inserts  with  Epon  828  epoxy  system  resulted  in  a  significant 
impact  on  the  improvement  of  the  copper-composite  adhesion  through  which  the  structural 
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properties  were  significantly  improved  Using  this  surface  treatment  the  losses  in  the 
compressive  strength  properties  became  negligible  compared  to  baseline  specimens  and  the 
flexural  elastic  stress  strain  fend  ot  elastic  region  properties)  associated  with  compression 
mode  were  improved  130'  compan  is  with  "Bare"  copper  inserts  Besides  the 

improvement  in  the  compressive  and  flexural  properties  the  surface  treatment 'also  has  art 
imp. i  t  >ii  th<-  l<iii  ii  modes  >bs  ■  •  -<d  by  the  specimens  tested  Th<  suita- ;•  fie.-umei.i  .viti 

nci  the  fc  uckling  tailun  ■  ■  in  th 

tested  in  ompiession  rnd  inhibited  the  xtpper  buckling,  mterfacial  delamin  itr  m  ■  t  th" 
compression  side  of  the  specimens  tested  und  flexural  loading. 


Final  Report 


Page  47 


Advanced  Materials  Intelligent  Processing  Center  (AMIPC):  Manufacturing  for  Multi-Functionality 


Task  14:  Analysis  of  Dynamic  Blast  and  Material  Characterization 
Techniques 

■.  ...  .mi  techniques  under  urn-axial  stress  and  uni-axial  strain  conditions  are 

revisited  tr  sttidv  dio  ixiv  ompressmn  ivhaviot  .if  mshable  cellulm  materials  1  ■  blae 
ipplications  A  new  :lass  nt  ellulat  core  materials  with  composite  webs  and  polym —ri*  r>am 
is  identified  as  a  potential  material  tor  blast  applic  Blast  experiments  on  large  sandwicl 

panels  have  revealed  that  the  supports  are  the  most  vulnerable  places  for  damage.  However, 
the  damage  behavior  of  structures  under  blast  can  be  studied  using  static  test  methods  Limited 
modeling  efforts  have  been  undertaken  to  understand  the  effect  of  the  mass  properties  on 
overall  blast  responses  of  structures.  It  has  been  found  that  cellular  composite  sandwich 
structures  transfer  momentum  from  the  front  face  sheet  to  rear  face  sheet  through  the 
composite  web.  Composite  web  structures  also  change  the  global  deformation  behavior 
allowing  local  deformation  of  the  face  sheets  between  webs.  Future  studies  are  planned  to 
investigate  the  effect  of  3D  composite-foam  hybrid  core  structures  for  optimum  energy 
absorption  under  blast  loading. 

Quasi-Static  Axial  Compression  of  Cellular  Materials  and  Sandwich 
Composite. 

The  energy-absorbing  behavior  of  cellular  materials  under  blast  loading  can  be  investigated  by 
quasi-static  axial  compression  (Figure  44).  Balsa  core  is  widely  used  in  marine  structures. 
While  the  critical  stress  of  closed  cell  aluminum  foams  are  in  the  order  of  1-10  Mpa,  the  fiber 
direction  critical  stress  of  Balsa  Core  is  about  15  MPa. 


Fiqure  44  Axial  compression  behavior  of  cellular  materials. 
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(a)  Axial  compression  of  balsa  core 

Figure  45 


9 

6  ■ 

3 

0  - - - — - - - - - - - * - 

0  0.1  0.2  0  3  0  4  0  5  0.6  0.7  0  8  0  9 

Strain,  t  irvln 


(b)  Stress-strain  behavior  of  balsa  core 

Axial  compression  behavior  of  balsa  core. 
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(a)  Experimental  set-up  (b)  Schematic  (c)  Stress-strain  behavior  of  Hygrid™ 

Figure  46  Axial  compression  behavior  of  Hygrid™. 

Figure  45  shows  the  axial  compression  behavior  of  Balsa  Core  material.  The  fiber  direction 
behavior  can  be  modeled  as  rigid-perfectly-plastic-rigid  (R-P-P-R)  model  defined  by  two 

parameters,  oRr  (-  15MPa)  and  £*  (-0.6).  The  behavior  in  the  transverse  direction  is  similar  to 

many  polymeric  and  metal  foams,  i.e.,  non-linear  with  distinct  zones  defined  as  elastic,  plateau, 
and  densification  regions  (Figure  44), 

Hygrid™  is  another  potential  material  for  mine  blast  application  As  a  part  of  ARL-CMT 
program',  the  axial  compression  under  uni-axial  strain  was  conducted.  Results  show  that  this 
material  has  much  higher  critical  stress  (~70MPa)  than  Balsa  Core  and  aluminum  foam  (Figure 
46).  Another  interesting  core  material  is  WebCore,  in  which  polymeric  foam  strips  are  filament 


1  Bade  A  Gama.  Libo  Ren,  Adam  Binkley.  SM  W.  Islam.  John  W  Gillespie  Jr..  Quasi-Static  and  Dynamic 
Behavior  of  Hygrid1  aluminum  Honeycomb.  ARL-CMT  CA9  Progress  Report,  October  2004. 
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wound  with  glass  fiber  tows  and  assembled  together  to  form  the  core  plate  Once  infused  with 
resin,  parallel  composite  webs  are  formed  as  a  repeating  structure  The  axial  crushing  behavior 
of  this  material  is  studied  in  the  3TEX  SBIR  N04-207  project  and  is  shown  in  Figure  47  Th'-- 
rdvantage  of  this  material  is  that  the  design  can  be  tailored  to  design  a  cote  of  desued  ntioai 
stress 


(a)  With  core  (b)  Without  core 
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Figure  47  Axial  crushing  of  WebCore  sandwich  composites. 


Blast  Testing  of  3D  Orthogonal  Weave  Fabric/WebCore/VE  510A-40 
Sandwich  Composites 

Blast  testing  of  3D  OWF/WebCore/VE  510A-40  sandwich  panels  was  performed  with  a  51b  C4 
explosive  charge  at  3-ft  stand-off  distance.  The  sandwich  composite  went  under  large 
deformation  keeping  the  central  core  intact.  The  total  reaction  at  the  support  is  found  to  crush 
the  sandwich  cores.  Quasi-static  damage  modes  are  found  to  have  similar  buckling  stability  as 
found  under  dynamic  blast  loading.  The  webs  of  the  WebCore  is  found  to  transfer  the  blast 
momentum  from  the  blast  face  to  the  rear  face  of  the  sandwich.  Blast  modeling  is  carried  out  to 
investigate  this  mechanism. 
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Figure  48  Blast  experiments  on  3D  OWF/WebCore/VE  510A-40  sandwich  composite. 
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